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ABSTRACT 
Detection and characterization of nucleic acid-protein interactions, particularly 
those involving DNA and transcription factors, remain significant barriers to our 
understanding of genetic regulation. Solid-state nanopores are extremely sensitive single 
molecule sensors with the capability to map local chemical and structural characteristics 
along the length of a biopolymer, providing label-free detection for a wide range of 
analyte lengths and sizes. Previous studies have utilized solid-state nanopores to detect 
complexes of DNA bound to many large proteins, but improvements to the sensing 
resolution of the nanopore platform are necessary for detection of single small 
transcription factors bound to DNA. This project encompasses two novel nanopore 
modifications that enhance output signal quality and time resolution in nanopores, and 
establishes solid-state nanopores as a platform for direct measurement of transcription 
factor-DNA complexes. 
First, a novel fabrication process was developed to create locally thinned SiN 
membranes on a full-wafer scale. These modified nanopore chips provide several 
advantages over conventional solid-state nanopores, including improved signal-to-
background ratio, higher probability of functionality, and clearly marked pore locations 
VI 
for re-imaging and array fabrication. Next, the volume outside the nanopore was 
modified by electrospinning a sparse, hydrophobic co-polymer nanofiber mesh (NFM) 
directly onto the nanopore chip. The NFM interacts with analyte molecules as they 
translocate through the pore, increasing residence time in the sensing volume and 
improving resolution by more than two orders of magnitude for a chemically optimized 
blend ofpoly(E-caprolactone) and poly(glycerol-co-E-caprolactone). Finally, modified 
nanopores were used for direct, label-free detection of single transcription factors bound 
to DNA. Translocations of these complexes reveal a combination oftwo possible sensing 
modalities; either the complex passes unhindered through the pore, causing a transient 
drop in current at the location of the bound protein, or the protein is unable to trans locate 
and is removed as the DNA is electrophoretically driven through the nanopore. The 
DNA-binding domain of the transcription factor Early Growth Response Protein 1 
(EGRl ), known as zif268, is presented as a model system for this research. EGRl 
activates genes that control cell differentiation and mitogenesis, and participates in many 
regulatory processes including wound response, tumor suppression, and neuronal 
plasticity. 
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Chapter 1: Transcription Factors and N anopore Sensors 
DNA-protein interactions are the primary control point in regulation of 
gene expression. Characterization of transcription factors is essential for 
understanding biological systems and developing novel therapies to treat 
cellular malfunctions. Solid-state nanopores are a highly versatile class of 
single-molecule sensors that can provide rich and unique information 
about protein-nucleic acid interactions. The motivation for developing 
solid-state nanopores as a novel platform for detection and 
characterization of DNA -protein complexes is described, along with a 
brief overview of the approach taken for this research. 
DNA-protein binding interactions 
Understanding genetic regulation on a systems biology level is key to future 
advances in personalized medicine. Though the central dogma of molecular biology was 
established decades ago, the web ofbiochemical interactions that control the fundamental 
functions of replication, transcription, and translation has proven to be far more vast and 
complicated than was ever imagined. DNA-binding proteins play many crucial roles in 
this network, with functions that range from replication to packaging, from destruction to 
repair, and perhaps most importantly - to control over timing and levels of gene 
expression. This last class of proteins, transcription factors (TF), forms the fundamental 
control system for genetic regulation, interfacing between the cell signaling networks that 
1 
dynamically react to changing environmental conditions, and DNA, which provides the 
source code for every component of these complicated genetic networks. 
• 
Orugs 
lni<tlve 
l r.1:mripUon 
Factor 
Modulated Gene expression 
Nultillon 
""; ... 
Transcription 
f ;Jt t OI' 
Figure 1: DNA-binding proteins modulate gene expression 
ApoiJpoprotc ns 
&lipoprotC!ins 
A signal cascade responds to external stimuli, which cause a transcription factor to be 
activated and bind to DNA within the nucleus. There, it stimulates transcription of gene 
encoding for a response protein. Modified from http://genfit.com/uploads/pics/gene-
mod_02.gif 
It is not surprising, then, that breakdowns in the transcription factor regulatory 
network are responsible for a plethora of diseases. An estimated one-third of human 
developmental disorders are related to transcription factor malfunctions, 1 and 
transcription factors are significantly overrepresented among oncogenes as compared to 
the rest of the human genome? Thus, discovering how transcription factors locate and 
bind to their target sites and elucidating the significance of a particular collection of 
targets spread across a genome are fundamental hurdles to understanding genetic 
2 
regulation and tackling TF-related diseases. 
Luckily, many transcription factors are modular; the activity of a DNA-binding 
domain is frequently independent of a protein's regulatory function. This is particularly 
advantageous for systems biologists who model genetic regulation, because it enables 
both computational identification of genes as candidate transcription factors, and also 
prediction of transcription factor binding activity and specificity. 
Predictions of transcription factor structure and function have already outpaced 
our capacity for experimental characterization. While genome-wide sequence-based 
transcription factor characterization techniques such as ChiP-seq continue to grow in 
popularity, they are still subject to limitations of throughput, sample quantity, scope, and 
resolution. As of the last comprehensive transcription factor census (2009),3 nearly 2,000 
genes ad been predicted to code for transcription factors within the human genome,4-6 yet 
a paltry 62 had been experimentally verified for both DNA-binding activity and genomic · 
regulation. In recent years, that number has increased to more than 100 experimentally 
verified DNA-binding transcription factors, many of which are catalogued in a 
transcription factor wiki. Yet it is clear that even the most cutting-edge techniques for 
collecting and assembling empirical data on protein-nucleic acid interactions lag far 
behind our computational ability to understand and model such systems; therein lies a 
bottleneck for systems biology and thus also for biomedical innovation. 
This work proposes to utilize the unique flexibility, durability, and sensitivity of 
solid-state nanopores to develop a novel and highly versatile single-molecule technique 
for direct detection of protein-nucleic acid interactions. Unlike existing methods, which 
3 
typically only address one aspect of protein-nucleic acid interaction and are relatively 
indirect, this technique would provide researchers with a single tool that could be adapted 
to directly study multiple aspects of protein-nucleic acid interaction- including 
identification ofbinding loci (both local and genome-wide), access to a wide variety of 
possible binding conditions, and investigation ofbinding strength through force 
spectroscopy. Because of their crucial role in genetic regulation, this work will focus on a 
TF-DNA model system, the prototypical zinc finger transcription factor zif268, to prove 
feasibility of the method. 
Experimental methods for studying DNA-protein interactions 
Each of the various experimental techniques currently used to study DNA-protein 
interaction seeks to answer or confirm one or more of the following questions: 
1) WHERE is the protein binding to DNA? 
a. What is the consensus binding sequence for the protein? 
b. What loci across the entire genome comprise the protein's cistrome? 
2) WHEN will the protein bind to target DNA? 
a. What aspects of the local biochemical environment promote or inhibit 
protein binding? 
b. What interactions occur with other molecules in its gene regulatory 
network? 
c. What is the timescale associated with protein binding? 
3) HOW does the protein bind to target DNA? 
a. How strong is the bond between the protein and DNA? 
b. What elements of the protein sequence and target sequence are critical for 
binding? 
4 
c. How does the protein locate its target sequence? 
The methods outlined below represent the most common approaches to 
addressing these core questions. While each technique can provide valuable insights or 
answers for a subset of these, there is certainly room for new techniques to be introduced, 
particularly if they are high-throughput, cheap, and provide information complementary 
to that obtained with existing techniques. 
Perhaps the most popular current approaches to studying DNA binding proteins 
are chromatin immunoprecipitation-based techniques like ChiP-chip and its successor, 
ChiP-seq. ChiP-based methods crosslink proteins bound in vivo to DNA, then sonicate 
the cells to shear the cross-linked DNA into smaller segments hundreds of base pairs in 
length. Antibodies are used to selectively enrich fragments containing bound complexes 
while unbound fragments are removed.7 In ChiP-chip, immunoprecipitated fragments are 
identified by hybridization to a DNA microarray, which can then be used to determine 
the loci ofbinding on a genomic scale.8 The resolution of ChiP-chip is determined by the 
size of the micro array and the selection of the corresponding oligonucleotide probes. 
ChiP-seq, on the other hand, achieves higher resolution and wider coverage by directly 
sequencing the enriched fragments with next-generation sequencing (NGS) techniques 
h h . . 9-12 rat er t an usmg a m1croarray. 
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Figure 2: Sample methods for studying DNA-protein interactions 
a) Electrophoretic mobility shift assay, b) microarray, c) conseQ.sus binding 
sequence (upper) as determined by ChiP-seq data (lower). 
Both ChiP-chip and ChiP-seq are unquestionably valuable approaches for 
producing genome-wide maps of binding sites, and can identify potential protein targets 
and sequence motif patterns. It is clear, however, that the strength ofthese techniques is 
related to their usefulness for providing bioinformatics data rather than direct biophysical 
data. In particular, ChiP-seq has been useful for investigation ofhistone/nucleosome 
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positioning in chromatin. 13-15 However, the high-density microarrays required for ChiP-
chip are costly, as are the NGS techniques for ChiP-seq. Both methods also require a 
large amount (ChiP-chip = 10 7 cells, ChiP-seq= 103-105 cells) of initial sample material. 
Additionally, the indirectness and level of complexity of immunoprecipitation makes 
both techniques completely dependent upon antibody quality and array tiling/depth of 
. 16 
sequencmg. 
DamiD, a close cousin of ChiP-based techniques, uses DNA adenine 
methyltransferase (Dam) linked to the DNA-binding protein of interest to directly modify 
(methylate) DNA upon binding. Methylation protects DNA from digestion by Dpnii; thus 
a map of binding loci across the entire genome may be constructed by calibrating 
methylation probability as a function of distance from the protein binding site and 
measuring the resulting methylation frequency at individual instances of the restriction 
site GA TC across the genome through qPCR. While this method should provide some 
insight about binding locations, it is extremely indirect - it relies upon the activity of a 
secondary enzyme to infer binding location through repeated qPCR, which in turn 
requires primers for every individual instance ofGATC to be tested. 
The most widely used technique, electrophoretic mobility shift assay (EMSA), is 
certainly useful for characterizing binding strength, and can even be applied to find the 
TF footprint or vary binding conditions, but generally this bulk method is most effective 
when used to verify binding, with prior knowledge of a protein's target site. If the target 
sequence is known, EMSA can provide useful information about relative binding affinity 
(for example, for mutated sequences or proteins). However, it is comparatively labor 
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intensive and time consuming to extract information about the DNA binding properties of 
a previously uncharacterized protein using EMSA. Furthermore, the detection 
environment for this technique is a gel matrix, highly dissimilar to the conditions that 
would be experienced in vivo. 
Some researchers have used fluorescently labeled proteins or DNA to directly 
visualize binding. 17'18 This can be an effective way to observe the regulation dynamics of 
previously characterized transcription factors, but optical resolution limits prevent direct 
observation of fluorescence from being useful for precisely locating protein-DNA 
interactions. And of course, tagging the protein or DNA with a fluorophore could easily 
affect the very interaction being measured. Similarly, while measurements using optical 
tweezer-based or atomic force microscopy-based techniques have been successful at 
detecting binding (and motion of binding) between proteins and nucleic acids, they are 
unwieldy for addressing questions of specific binding, and universally require 
modification of both target and binding molecules to enable detection. 
Within the field of experimental systems biology, there is a clear need for a novel 
and direct approach to study DNA-protein interaction without the need for modification 
or amplification of either molecule, which is versatile enough to provide information 
about multiple aspects of binding. 
Nanopore Sensors: Advantages and challenges 
A nanopore is similar in principle to a Coulter counter, which uses resistive 
sensing to count particles passing through a micrometer-scale aperture by monitoring ion 
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conductance. 19 Coulter counters are typically used for detection of cells and other 
microscale particles, notably for CBC (complete blood count) and cell cytometry. 
Nanopore-based techniques scale down this method by nearly three orders of magnitude 
to detect single charged biopolymers (e.g.: DNA, RNA, or proteins) passing through an 
aperture that is only a few nanometers wide.20-22 As a biopolymer passes through the 
pore, it must uncoil and thread through the narrow constriction in a linear fashion. Thus, 
nanopore-based methods can directly relate the conductance of the blocked pore to local 
characteristics along the length of the biopolymer. This is particularly useful for analysis 
oflong biopolymers like DNA and RNA, and positions nanopores as a potential tool for 
applications ranging from DNA sequencing to genomic profiling to detection of local 
structural features and molecular interactions.23-26 
The first application of nanometer-scale pores for single molecule detection 
employed trans-membrane protein ion channels embedded in a lipid bilayer. Using 
alamethicin pores, Bezrukov et al. showed that protein ion channels could be used to 
accurately count very small (5-15 A) polymers, improving upon the size resolution of 
Coulter counter techniques by more than three orders ofmagnitude.27 Soon thereafter, 
Kasianowicz et al. used a-hemolysin (1.4 nm channel minimum channel diameter) to 
demonstrate detection of single stranded RNA and DNA molecules.23'28 The structure of 
a-hemolysin, a protein secreted by Staphylococcus areus to penetrate target cell 
membranes, proved to be particularly useful for conductance-based detection because the 
channel remains open and stable for extended periods of time. These researchers 
established that a-hemolysin could be used to distinguish between ssRNA and ssDNA 
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based on their characteristic reductions of pore conductance, and showed that the time 
required for molecules to pass through the pore was proportional to their length. 
Several follow-up studies demonstrated the wide range of data that could be 
collected using a-hemolysin nanopores. Among these were discrimination of ssDNA and 
RNA 1 h d 23 24 29 30 d . f b. 1 . . d . ss engt an sequence, ' ' ' etectwn o 10po ymer onentatwn unng 
translocation,31 and investigation of the bond rupture kinetics between DNA strands.32-34 
More recently, another protein nanopore, MspA, has been identified and characterized for 
similar applications. 
However, practical applications of protein pores are severely limited by their 
fragility and by the very qualities that make them useful detectors: their perfectly 
reproducible geometry and electrical characteristics place strict constraints on the size 
range of molecules they can sense, on data resolution, and on the set of permissible 
experimental conditions. For example, the smallest constriction ofboth a-hemolysin and 
MspA is too narrow to allow passage of double stranded DNA or RNA, which are both of 
particular interest to researchers. While selective mutation can engineer protein 
Additionally, protein pores diffuse around a fragile lipid bilayer, limiting their useful 
lifetime. These issues have prompted a shift in the field towards using artificial, solid-
state nanopores. These mechanically, chemically, and electrically robust pores, 
fabricated in a solid-state insulating membrane, can have individually tailored size and 
geometry appropriate for a much wider range of studies. 
The first small solid-state nanopore (1.8nm diameter) was created by Li et al. in 
SiN. The nanopore was drilled using an Ar+ ion beam to mill away material, then shrunk 
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by fluidizing the surrounding membrane with a more diffuse beam. Storm et al. 
demonstrated similar results using an electron beam to drill though Si02. Variations on 
these methods have been used to create nanopores with precisely controlled diameters 
over a wide range of sizes in SiN,35'36 Si02/ 7-4° Ab03,41 and most recently Hf02 42 
membranes on silicon chips. Researchers have also recently demonstrated functional 
solid-state pores drilled in single graphene layers.43 '44 
Figure 3: Tomography and TEM image of a solid-state nanopore 
a) TEM tomography, top and side views, of a 7 nm nanopore drilled in a 50 nm thick 
membrane, showing a double-cone structure. b) Top view TEM image of a similar-sized pore 
(scale bar is 5 nm). Modified from Kim et al, Advanced Materials 2006. 
In the Single Molecule Biophysics Lab (SMBL) here at Boston University, solid-
state nanopores are typically fabricated using a thin (~20nm) freestanding square silicon 
nitride (SiN) membrane, 10-lOOJ.!m on a side, formed on the (1,0,0) face of an etched 
silicon wafer. A nanopore is drilled through the SiN using a highly focused transmission 
electron microscope beam (108 - 109 e-;nm2) to sputter away material from the thin 
membrane.45 Ion beam sculpting is then used to adjust the nanopore size as necessary. 
Figure 3 shows a: tomographic image of a 7 nm pore drilled in SiN, revealing a double-
cone structure with the narrowest constriction near the midpoint of the membrane. 
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Figure 4 shows a schematic (not to scale) of solid-state nanopore detection. The 
silicon chip supports the freestanding insulating membrane, which separates two 
chambers, cis (top) and trans (bottom), filled with a high-ionic-strength electrolyte buffer 
(typically, 1M KCl). When an electric potential is applied using electrodes placed far 
away from the membrane, a strong electric field (~105 V/cm) is created in the nanopore. 
This potential is maintained with a voltage clamp. Many factors, including pore 
geometry, electrolyte species and concentration, and local electrostatic properties of the 
SiN membrane contribute to the electrophoretic mobility of ions within the pore, which in 
tum determines the steady "open pore" ion current. 
Ag/AgCI 1 MKCI 
Figure 4: Solid-state nanopore schematic 
a) Schematic illustration of a solid-state 
nanopore system (not to scale). The applied 
voltage draws DNA molecules to and 
through the nanopore. 
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When a charged biopolymer (such as DNA or RNA) is added to the appropriate 
chamber, the electric field created in the vicinity of the pore is sufficient to draw the 
molecule to and through the pore.46,47 While the biopolymer is in the pore, its presence 
physically excludes a substantial proportion of ions from moving through the pore. 
Additionally, the presence of the biopolymer changes the local electrostatic landscape of 
the nanopore, which affects the electrophoretic mobility of the ions. The result is a 
dramatic change in pore conductivity, which causes a temporary drop in current. Various 
characteristics of these blockades, or "translocations", may be related to the size, shape, 
length, and chemical properties of the biopolymer. This represents a unique advantage of 
nanopores over other single-molecule sensing techniques, and makes them especially 
useful for analysis of long biopolymers, particularly nucleic acids.23•24•29•36 
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Figure 5: Ion current blockades in a solid-state nanopore 
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a) Typical ion-current trace for a 4-nm pore, before and after the introduction of 5 nM 400-bp 
DNA to the cis chamber (green arrow). The transient current-blockade events correspond to 
single-molecule translocation of DNA. b) A typical single translocation event and defmes the 
relevant parameters t0 , ib , io , and 18 . Figure modified from Wanunu et al. (Biophysical 
Journal, 2008). 
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Translocation events provide unique information about analytes because they 
effectively scan molecules, which are linearized as they pass through a pore. Figure 5a) 
shows a typical current trace obtained for a 4-nm pore both before and after the 
introduction of 400 bp DNA into the cis chamber. Prior to adding DNA, the current is 
steady at ~2.8 nA for the applied potential of +300 mV. Once DNA is added to the cis 
chamber, the resulting sharp downward spikes indicate that translocations are occurring. 
The inset shows a magnified view of one of these translocations, and defines the 
parameters t0, ib, i 0 , and JB that are used to characterize translocation events.48 
Translocations are identified using a custom Lab view program, previously described, 49 
and events are later automatically evaluated in Matlab to determine the open pore current 
Iopen (unblocked pore), the blockage level Jb (h = hlockllopen), and the time of translocation 
Solid-state nanopores have indeed proven to be an extremely versatile means of 
single-molecule detection. They are suitable for sensing analytes ranging in size over 
several orders of magnitude, and demonstrate incredible sensitivity. 50 As understanding 
f 1 . "d 1 . d . . d 48 51 52 l"d ld b o nuc etc act trans ocatton ynamtcs Improve , ' ' so t -state nanopores cou e 
adapted to engineer more and more novel techniques for biomedical applications. These 
. 1 d . 1 1 1 DNA . 53-57 h . 1 . 58 59 d. . . · f me u e smg e-mo ecu e sequencmg, c emtca sensmg, ' tscnmmatton o 
methylated regions ofDNA,60 genome profiling,61 and detecting protein-coated regions 
ofDNA,62 
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Solid-state nanopores for protein-DNA complex detection 
The ability to tune so many individual parameters, including pore geometry, 
membrane material and chemical properties, buffer components and salt gradient, and the 
applied electric potential, makes a solid-state nanopore-based platform an ideal candidate 
for study of nucleic acid-protein complexes at the single-molecule level. In the case of 
TF-DNA binding, solid-state nanopores are well positioned to provide a single source of 
unique, direct information about binding location, strength, and conditions, without the 
need to modify or amplify the protein or DNA. 
Solid-state nanopores could be used to directly probe nucleic acid-protein 
complexes in two distinct modes of detection: force spectroscopy (controlled removal of 
the protein) and binding site mapping (detection of the translocating protein-DNA 
complex). Both of these sensing modalities are outlined in more detail in Chapter 4. 
Together, these could shed light on nucleic acid-protein binding from many different 
angles, directly measuring WHERE the proteins bind on both local and genomic scales, 
enabling testing of WHEN they bind (under a wide variety of conditions), and 
characterizing the forces and processes that dictate HOW they bind. In addition to 
providing a single platform for experimental observation of nucleic acid-protein 
complexes, nanopores have the unique sensitivity, flexibility, and adaptability to allow 
study oflabel-free, unamplified samples- and the ability to do so on length scales 
ranging from local binding to genome-wide mapping. 
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Nanopore modifications I engineering 
Solid-state nanopores are an extremely promising platform for single-molecule 
sensing, but for many applications, such as nanopore sequencing, their resolution is 
insufficient. However, the inherent versatility of solid-state nanopores provides many 
avenues for modifications to improve resolution and tailor sensitivity to the particular 
applications. These modifications may be classified under four broad categories, as 
depicted in Figure 6: 
Figure 6: Approaches to solid-state nanopore modification 
Top left: Geometrical modifications, such as changing diameter 
or membrane thickness. Top right: Chemical coatings. Bottom 
left: Altered buffer, such as ionic strength or viscosity. Bottom 
right: Modified volume external to nanopore, without changing 
the nanopore itself. 
These approaches include geometrical modification of the nanopore size and shape 
(Figure 6, upper left); adding a coating to the nanopore which will affect the analyte's 
passage (Figure 6, upper right); modifying the viscosity, ionic strength, or other 
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characteristics of the buffer passing through the nanopore (Figure 6, bottom left); or 
apply an external modification that does not change the pore itself yet may interact with 
long DNA passing through the nanopore (Figure 6, bottom right). 
Most practical strategies for improving sensing resolution in a nanopore influence 
analyte translocation by altering the pore surface itselr,?-11 •63 ·64 directly tethering and 
manipulating the DNA, 12' 13 or changing properties of the surrounding medium, such as 
. . . . h 14 15 65 Th h . 11 d d 1 viscosity, pressure, or wmc strengt . ' ' ese approac es typica y o not ecoup e 
improvements in translocation dynamics from other characteristics of the device, such as 
conductivity, blockage level, or wall charge. This can lead to undesirable consequences, 
including reduced threading efficiency and ion current stability, smaller signal/noise 
ratios, and reduced NP hydration efficiency. More recent approaches have begun to 
improve on these techniques by applying reversible and tunable effects to the nanopore. 66 
We have found improvements in sensing resolution to be absolutely necessary to 
enable detection of single proteins bound to DNA. In Chapter 2, we discuss a geometrical 
approach to improving resolution implemented on a full-wafer scale. In Chapter 3, a new 
technique is presented for slowing DNA translocation without modifying the physical or 
electrical sensing properties. 
Early Growth Response 1 and its DNA-Binding Domain, zij268 
The DNA-binding domain ofEarly Growth Response 1 (EGR1), a 90-a:mino acid 
zinc finger protein known as zif268, was selected as a suitable model transcription factor 
for use in nanopores. Zif268 has been used extensively as a model system for studying 
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how TFIIIA-like zinc fmgers recognize DNA, and has also served as a basis for 
engineering several types of artificial DNA-binding proteins.67•68 The crystal structure of 
zif268, solved via X-ray scattering by Pavletich and later improved upon by Elrod-
Erickson, is shown in Figure 7a) as the protein alone and in Figure 7b) bound to DNA. 
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Figure 7: Crystal structure ofzif268 and zif268-DNA complex. 
Top: Crystal structure of zif268 alone (a) and bound to DNA (b). c) Amino 
acid sequence of zif268, with key features emphasized for C2H2 structure. d) 
Consensus binding site of zif268 on DNA. 
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As shown in Figure 7b ), zif268 binds to DNA by inserting the a-helix of each 
zinc finger into a somewhat enlarged major groove. The three zinc fmgers in sequence 
wrap ~ 180° around the DNA, forming a complex that is roughly 3.5 nm in diameter at its 
widest point- suitable for use with small (sub 5 nm) nanopores for binding site mapping. 
Figure 7c) shows the sequence and functional subdomains ofzif268. It is 
composed of three C2H2 zinc fingers- one ofthe most numerous and most adaptable 
DNA-binding motifs found in eukaryotes.69 The amino acid sequence clearly divides into 
three similarly sized subdomains, each with similar zinc finger tertiary structure.70 Note 
the four zinc coordinating residues, two histidines (bold H) and two cysteines (bold C), 
which give C2H2 transcription factors their name and hold the zinc ions in place between 
each a-helix and antiparallel ~-sheet. The GC-rich consensus binding sequence for 
zif268 is shown in Figure 7d). 
The parent protein ofzif268, EGRl , is a well-studied transcription factor with 
broad biological impact. EGRl has been linked to tumor suppression71 and neuronal 
plasticity, 5° and plays a crucial role in regulatory networks involving cell growth and 
differentiation.72 It has also been linked to Alzheimer's disease,73 injury response,74 
schizophrenia, 75 and a wide variety of other conditions. 
The k0 ofzif268 is 1-5 nM, so it should bind well to DNA at the concentrations 
typically used in a nanopore (100 pM- 1 nM DNA) if bound in excess. The nanopore 
will apply 50-100 pN of shear force to this bond when the protein cannot fit through the 
nanopore. 12 AFM measurements on zif268 have found a bond rupture force of ~550 pN 
at a loading rate of 40 nN!s/6 however, this does not necessarily reflect the required shear 
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rupture force (which may be lower, since it represents a transition from a specifically 
bound to a non-specifically bound state), nor does it reflect any other changes in binding 
strength imposed by the local nanopore geometry and environment. The loading rate and 
directionality of the applied force due to a nanopore are currently unknown, although we 
approximate that the force should be mostly shear, and rate will depend upon analyte 
translocation speed. 
Goals and Strategy: Engineering nanopores for sensing protein-DNA binding 
This dissertation describes a body of work directed towards engineering 
nanopores for better resolution in order to sense single small transcription factor DNA-
binding domains along DNA. While previous studies have successfully used nanopores to 
detect large numbers of proteins bound to DNA, until now none have ever had sufficient 
resolution to detect a single small protein bound to DNA. 
Two separate techniques were developed to improve the resolution of the 
nanopore sensing platform. The first approach was a fabrication method to improve the 
spatial resolution of a nanopore by making it thinner, and the second introduced 
interactions with the DNA to slow translocation and improve temporal resolution. 
Improved spatial resolution in a nanopore is necessary because the change in 
current created by a protein on DNA relative to bare DNA is very small for a thick 
nanopore. Approximate dimensions are shown in Figure 8 for typical nanopore geometry 
(left) and thinned geometry (right). 
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Figure 8: Geometry of a thinned nanopore chip. 
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Left: Typical membrane thickness with and without a bound protein on DNA. Right: Thinned 
nanopore geometry with and without a bound protein. 
Applying the geometric calculations of current blockage level detailed in Chapter 2, we 
predict that the typical geometry (20 nm thickness) will result in only a 0.16 nA 
difference with and without a bound protein on DNA. The noise at full bandwidth is ~140 
pA, so this would represent only a single standard deviation from the mean, difficult to 
detect in just a few data points. On the other hand, by halving the nanopore membrane 
thickness (right) we predict a current drop of more than 600 pA due to the presence of the 
protein on DNA as compared to bare DNA. This is more than 4 standard deviations for 
our current signal, which should be much simpler to identify. 
To improve spatial resolution in a nanopore while maintaining while maintaining 
overall membrane structural stability, arrays oflocally (1 J..Lm) thin material (7.5-11 nm 
effective height) were fabricated on a nanopore membrane using optical lithography 
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techniques. In addition to parallelizing a process that had previously only been attempted 
using e-beam lithography, we found that these nanopores had improved signal-to-
background resolution, enabled re-location and visualization of pores after drilling and 
use, and provided markers visible in a light microscope, which were useful both for 
accurate pore array fabrication and for permanently marking locations of pores for use 
with an optical sensing platform. 
Improved temporal resolution is necessary because DNA travels through a bare 
solid-state nanopore at speeds exceeding 10 bp/s. Given that our current maximum 
bandwidth is 250 kHz ( 4 J.lS/point), we can estimate the number of data points necessary 
to resolve a given change in nanopore conductance using the standard deviation of the 
mean: 
(1) 
where a-sooM is the standard deviation of the mean, O"signal is the RMS noise in the current 
signal at full bandwidth (~140 pA), and N is the required number of data points. For our 
predicted current change in a 20 nm thick nanopore of just 0.16 nA between the 
zif268+DNA and the bare DNA, and requiring a shift of at least 3a-sooM for detection, we 
require a minimum of 5 data points, or 20 J.lS, to discriminate that blocked current level. 
But a 10 bp binding site will pass through the nanopore in less than 1 11s. Therefore, we 
may require up to 2 orders of magnitude slowing to detect a transient change in current 
due to the presence of a transcription factor bound to DNA. 
To improve temporal resolution, we introduced a novel, simple, and versatile 
technique for creating interactions with an analyte to slow its translocation from outside 
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the nanopore without affecting its electrical sensing capabilities. An electrospun 
nanofiber mesh was developed for application to the volume directly on top of a 
nanopore chip. Chemically tuning this mesh to maximize interactions with DNA slowed 
translocations by more than two orders of magnitude across a wide range of DNA 
lengths, improving the effective temporal resolution of the nanopore. 
We demonstrate that while an unmodified nanopore can detect population-level 
changes due to DNA-protein binding for zif268 tagged with a bulky GST group, we 
cannot detect the presence of the untagged zif268 protein without using a thinned 
nanopore as described above. In a thinned nanopore, we are not only able to detect single 
zif268 proteins bound to DNA, but we can also distinguish specific and nonspecific 
binding modes occurring both separately and together on single molecules of DNA. 
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Chapter 2: Full Wafer-Scale Fabrication of Locally Thinned Nanopore Arrays 
Solid-state nanopores are typically fabricated in thin freestanding silicon 
nitride (SiNJ membranes in silicon chips. The thickness of that membrane 
determines the minimum length of the nanopore, which relates directly to 
its spatial resolution when scanning along an analyte. Thinner nanopores 
are desirable because the location associated with a detected signal in a 
thin membrane is more precise than a thick membrane. But, the 
freestanding SiN membranes must also be mechanically robust, placing 
practical limits on thickness at 25-30 nm for a 10 Jlm window. Here we 
have developed a full-wafer scale fabrication process to create arrays of 
locally thinned (~ 1 Jlm diameter, 17 nm thickness) areas on a thick 
freestanding SiNx membrane (~60 nm height), resulting in nanopore chips 
that are mechanically robust, yet have increased sensing resolution. As an 
added benefit, these thinner pores are significantly easier to fully hydrate, 
producing a greater number of functional sensors within each batch. 
Furthermore, the thinned SiNx provides optical contrast in imaging, which 
is essential for applications requiring knowledge of the approximate 
nanopore location, for example re-imaging nanopores after use, selecting 
a region of interest for optically-based techniques, or multiplexing 
nanopore detectors in array-based applications. 
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Anatomy of a solid-state nanopore chip 
Solid-state nanopore chips are typically small, thin fragments ofthin-film coated 
silicon wafers that contain a freestanding membrane. The most common thin film 
coatings are insulators like silicon nitride, SiNx, and silicon dioxide, Si02, either used 
alone or in combination. These small (> 1 em square) chips support a freestanding 
membrane via a through-etched well in the center of the wafer that is hundreds of 
microns square at its opening on one side, and tapers to a square window just a few tens 
of microns wide. At the smaller end, a low-stress thin film membrane (10-100 nm thick) 
covers this window completely. 
The most important material and geometric features of a nanopore chip are 
illustrated in Figure 9 (not to scale). Panel a) shows an overall cross-section schematic of 
the nanopore chip, 5 mm on a side, containing a well at center which is through-etched to 
the freestanding SiNx membrane on the bottom. The bulk of the nanopore chip is silicon 
(350 11m thick), with a thin film ofSi02 on only the side containing the well (for noise 
reduction) and an outer film of amorphous low-stress SiNx on both sides. A nanopore just 
a few nm across is located on the freestanding membrane. 
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a) Smm 
Figure 9: Anatomy of a nanopore chip 
a) Overall geometry of 5 mm chip with through etched well to freestanding SiNx membrane. 
b) Side view and geometry of well. c) Photo of front and back of chip with penny for scale. 
Figure 9b) shows the geometry of the well and membrane from a side view. The 
nanopore chip is fabricated from a <100> silicon wafer, which determines the through-
etch geometry of the well. The through etch is performed in potassium hydroxide, KOH, 
which anisotropically etches Si.77 This etch has a ratio of> 100:1 for the <100> plane 
over the <111> plane, resulting in the exposed < 111> faces precisely angled at 54.75° 
from the <100> plane, which form the well. These parameters dictate the geometry ofthe 
SiNx mask that must be used to produce a membrane of specific size on the other side of 
the wafer. 
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Figure 9c) shows an image ofboth sides of the nanopore chip, with a penny for 
scale. Note that the SiNx film (62 nm thick for this chip) takes on a purple color 
(membrane side), while the combination of the same thickness SiNx on top of 1 11m thick 
Si02 is light pink, nearly silver (well side). The interference patterns of thin films which 
result in colors such as these is used to determine film thickness via ellipsometry, but is 
also useful as a visual guide to differentiate thin films of various composition and 
thickness. 78 Here, the membrane itself ( 60 11m square) is barely visible as a white dot in 
the center of the membrane side (purple). The well is the larger dark square on the well 
side (silver) of the chip. 
The time required to process a batch of nanopore chips on a single 4" wafer 
(yield: ~150 chips) is ~1.5 hours for lithography, ~48 hours for etching, and 10-15 
minutes to drill each nanopore (including loading and pumping time). In total, that adds 
up to at least 75 hours of processing time to produce 150 chips, or about 30 minutes per 
chip. 
Dependence of nanopore sensitivity on geometry 
Thinned nanopores have improved sensing capabilities over non-thinned 
nanopores. The open pore current, and consequently the magnitude of current that is 
blocked by passage of an analyte, both increase with decreasing pore height h, while the 
noise remains relatively constant for decreasing h. The shorter length of the nanopore 
results in a larger open pore current due to the increase in conductance with decreasing 
pore length. 
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The simplest model of nanopore conductance is obtained by considering the 
resistance of a cylinder containing an ionic buffer as the only resistor significantly 
affecting the measured current. Geometrically, we derive a conductance G for a 
cylindrical pore as described in Equation (2): 
G =J~) 
0 'nd2 (2) 
where 
(3) 
Here G0 represents the open nanopore conductance in nS, dis the nanopore 
diameter, and h is the effective nanopore height. C5 is the specific conductance of the ionic 
buffer used, which may be calculated using Equation (3), where flK and Jlct are the 
mobilities of K+ and cr ions, respectively' 79 f/KCl is the number density of ions in 
solution, and e is the elementary charge. 
However, for thin nanopores relative to diameter ( d :::::: h), the access resistance 
(AR) created by geometric convergence of electric field lines from bulk solution to the 
nanopore is similar in magnitude to the resistance of the pore itself, and can even 
dominate the overall resistance in the case of a very thin nanopore. 80-82 Access resistance 
limits the amount of current that can flow to and through a small opening, based on the 
resistivity of the surrounding fluid. Since ions must access the pore from both sides, the 
total resistance is given by Equation (4): 
(4) 
The AR of a single conducting membrane channel has been solved numerically,83 
but here we consider a geometrical approximation for simplicity. In his study of frog 
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nerves, Hille suggested that AR might be modeled as the convergence resistance from 
bulk solution to a hemisphere of the same radius as the pore, G = nd/cr.84'85 This was 
modified by Hall to include the convergence resistance from the small hemisphere to the 
mouth of the pore itself, calculated by treating the mouth of the pore as a disc-shaped 
electrode and determining its capacitance relative to a distant, hemispherical electrode.86 
1 R =-
access 2dCT (5) 
Substituting Equation (5) for AR and the inverse of Equation (2) into Equation ( 4) 
yields the overall expression: 
R = _!_( 4h + _!_J 
O_AR CT~m:P d (6) 
Or, in terms of conductance: 
(7) 
For Equation (7), as for Equation (2), the conductance is expected to increase with 
smaller pore height h for constant pore diameter d. 
Thinned nanopores are also predicted to display an enhancement in the amount of 
current blocked by the passage of an analyte, L11. For a diameter of analyte a, neglecting 
access resistance, geometrically we derive: 
(8) 
Where Vis measured in volts, and M is measured in nA. In the case with no access 
resistance, this reduces to: 
29 
Mno AR = V J Jra2J 
- ~4h (9) 
For double stranded DNA (dsDNA) translocations in a nanopore, a is the hydrodynamic 
radius of dsDNA, approximately 2 nm. 
To include access resistance in our estimation ofblocked current, we must 
consider the nanopore according to its effective diameter, derr, which is the diameter of a 
hypothetical nanopore of the same height containing an analyte with diameter a, with 
open pore conductance equal to the measured blocked conductance of the actual 
nanopore. 80 We then obtain: 
1 1 
~h 1 + 1rd;ff deff (10) 
Where 
(11) 
The approximation of derf given by Equation (11) is appropriate for both the resistance of 
the cylindrical nanopore and for the access resistance: for the cylinder, the analyte 
physically occludes a volume in the cylinder that would otherwise carry current, creating 
an equivalent volume to a cylinder with diameter deff. Access resistance for the mouth of 
a blocked pore would be calculated using the capacitance of a ring-shaped plate, which 
has equivalent capacitance to a plate of diameter deff for a distant, hemispherical 
electrode. 
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Previous geometrical modifications of nanopores 
The earliest reports of solid-state nanopore fabrication reference membrane 
thickness as a crucial parameter for determining nanopore sensing resolution and signal-
to-background ratio.37•45•87•88 One of the most attractive current solid-state nanopore 
options is the use of graphene nanopores, which provide atomically thin membranes to 
maximize sensor resolution. 89-91 Graphene nanopores have drawbacks, however, 
primarily related to difficulty of fabrication, stability, noise, and interaction of analytes 
with the nanopore.89-91 A recent report using Hf02 also created extremely thin 
membranes (2-7 nm thick), but found that the DNA tended to stick to the Hf02 
material,42 and that the nanopores were relatively difficult to drill with a TEM as 
compared to SiNx nanopores. Because SiNx nanopores have been well characterized, and 
are relatively simple to work with compared to graphene nanopores, in many respects it is 
preferable to develop thin SiNx membranes rather than switch to an entirely new system. 
The primary inspiration for this work was a report by Wanunu et al. of SiNx 
nanopores that had been locally thinned by e-beam lithography to effective heights of less 
than 10 nm, which permitted detection of individual miRNAs. 82 While these thinned 
membranes offered improved signal-to-noise ratios, the additional step of e-beam 
lithography for fabrication of mechanically stable thinned regions adds considerable time 
and complexity to the overall nanopore chip fabrication process. To thin wafers using e-
beam lithography, nanopore chips must be individually patterned in a SEM, then 
individually developed and etched.82 
31 
Conservatively, even if each chip can be patterned bye-beam lithography in 15 
minutes (including loading and pumping time) and developed and etched in another 15 
minutes, this would add more than three days to the fabrication process for a batch of 
chips ( ~ 150 chips) from a single 4" wafer. This nearly doubles the fabrication time to 
almost 1 hour per chip, minimum. Eliminating the need to pattern each locally thinned 
nanopore chip individually in a SEM by developing an optical-lithography based thinning 
protocol for the entire wafer would reduce the fabrication time per thinned chip by 50%, 
to nearly that of an unthinned chip. This is an essential consideration for the future 
potential commercialization of solid-state nanopores as a platform for cheap diagnostics. 
Challenge: Develop a full~ wafer lithography process to locally thin nanopore arrays 
Our motivation in this research was to develop an optical lithography-based 
fabrication method to create nanopore chips with arrays oflocally thinned SiNx 
membranes. While in theory the thinning technique previously shown using e-beam 
lithography is readily extensible to an entire wafer, in practice there are significant 
challenges to overcome, including patterning sufficiently small areas to maintain 
membrane robustness, backside alignment of the thinned regions with a ~ 10 11m 
freestanding membrane, and achieving a controlled etch depth just nanometers thick 
across a 4" wafer. To our knowledge we are currently the only nanopore group 
fabricating locally thinned nanopore SiNx arrays on a per-wafer basis. 
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Nanopore chip fabrication 
The standard SiNx nanopore fabrication process has four primary steps: Thin film 
deposition, patterning and etching windows in the SiNx, KOH etch, and TEM fabrication 
of a nanopore.45 
Thin film deposition is performed frrst for Si02, which is thermally deposited 
(wet oxide, 1100°C, 1 J.lm) and removed from one side (BOE etch, backside protected). A 
SiNx (low stress silicon nitride) membrane, typically 30 nm height, is applied by LPCVD 
(low pressure chemical vapor deposition) following an RCA clean. 
Windows and dice lines are patterned in positive photoresist (S 1818) by exposure 
to UV (150 mJ I cm2) and development in MF-319 developer. Hard bake 5 minutes at 
115°C, then RIE (3 min, 150 W, 50 seem SF6, 100 mTorr) through the nitride to leave 
exposed windows. 
KOH etch is performed at 45-55° for 24-48 hours until wafer is through etched, 
leaving a clean, freestanding SiNx membrane. The membrane side of the wafer is 
protected in a specialized 0-ring sealed holder during this etch process. 
After rinsing and drying the nanopore chips, nanopores are fabricated in a TEM 
using focused electron beam (JEOL 2010F, 200 kV) 1-5 min depending on membrane 
thickness. The size may be adjusted by prolonged exposure or by shrinking with a diffuse 
beam when necessary. 
Full details of this process are given in Appendix 2. 
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Methods for locally thinning the membrane 
The additional steps required for full-wafer fabrication of thinned arrays on 
nanopore chips are to deposit a thicker SiNx film (60-100 run height) to improve overall 
membrane stability, to pattern arrays of 1 ).!ill circles on the membrane side of the wafer, 
perform a controlled etch to reach the desired depth in SiNx, protect the etched wells with 
resist, and back-side align the windows before exposure. While some of these steps 
simply require careful calibration to perform, the controlled etch for an entire wafer is the 
only potentially problematic step. 
BOE provides an excellently controlled etch of SiNx films at rate of 0.5 run I min 
per the calibration shown in Figure lOa). This produced perfect, uniform etches across 
the full wafers used for calibration. However, BOE delaminates resist over time,77 so it is 
impossible to both maintain a robust membrane thickness, sharp feature edges, and 
simultaneously etch in BOE for a short enough time to prevent delamination. Figure 1 Ob) 
shows the result of just a 30 min etch with BOE for arrays of circles patterned on the 
wafer. 
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Figure 10: Calibration ofBOE etching and delamination 
Resist delaminates in BOE 
a) Etch depth as a function of etch time for BOE on silicon nitride. b) Wafer patterned with 1 
J..lill circles, exhibiting delamination over ~80% of surface after less than an hour in BOE. 
RIE etching works extremely well to etch through a layer completely, or for a 
controlled etch of a very small sample (such as a single nanopore chip). However, for 
larger samples the loading effect and resulting nonlinearity are very apparent. Figure 11 
shows a calibration for various sample sizes in the RIE. Small samples exhibit little or no 
loading time, and etch at a fairly consistent, linear rate. However, larger samples and full 
wafers can have significant loading and highly nonlinear etch rates for the powers, flow 
rates, and pressures available in our system (Oerlikon). Loading effects are known to 
vary depending on exposed area, wafer position, power, pressure, and so forth, even for 
identical processes performed in succession. This is illustrated by the range of sample 
sizes pictured in Figure llb), all of which had the same starting thickness of SiNx, and all 
of which were etched under identical conditions. 
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The only way to fully calibrate this process is to use many full wafers, all 
patterned with the desired design. However, this is an expensive and time-consuming 
endeavor, so instead small time increments were used, and the resulting depth checked 
after each step. We found that 90 seconds of etch time consistently etches ~40 nm of 
SiNx from our 60 nm thick membrane for the pattern used in this study, which provided a 
good balance of effective pore height and overall membrane stability. 
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a) Etch depth as a function ofRIE time for varying RIE power. b) Sample wafer fragments , all 
of which started with identical thickness of SiNx, and all of which were etched for exactly 1 
min at 30 W, demonstrating the dependence of etch depth on wafer size and geometry. 
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Full-wafer thinning process 
The fmal fabrication process is shown in Figure 12. First, the thin films are 
applied to a < 100> silicon wafer. Next, the membrane is thinned according to the steps 
described above. Finally, the thinned areas are protected with resist, aligned with the 
windows mask so that the KOH etch will produce a membrane aligned with the thinned 
array. Details of this process are given in Appendix 2. 
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The mask used for patterning the well side of the nanopore chip was identical to 
the mask used to pattern a regular nanopore chip (non-thinned). Dice lines (125 )liD) 
spaced by 5.125 mm define the edges ofthe chips, with one square window (515 )liD) 
centered on each chip. Two alignment markers, one on each side of the wafer, were used 
to ensure that the thinned arrays would be correctly aligned with the windows to produce 
thinned freestanding membranes. 
The corresponding mask for thinned circles (1 )liD diameter) was designed to 
have alternating rows of 5x5, 3x3, and 1x1 arrays with a pitch of 5 )liD. After exposing 
and developing the pattern, all circles in the arrays were 1.5 )liD in diameter. RIE was 
performed for 90 seconds at 15 W, 50 seem SF6, 100 mTorr. KOH etch was performed at 
45 oc for ~48 hours. 
Images from various steps of the thinning process are shown in Figure 13. The top 
row shows the patterned resist after development. The middle row shows the low contrast 
between the thinned and non-thinned regions prior to through-etching with KOH. After 
the KOH etch, which produced extremely small membranes ( ~ 7 J..Lm). Further etching 
with KOH after these images were taken increased the membrane size to ~20 J..Lm to 
accommodate the entire arrays. 
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Figure 13: Light microscope images of thinned arrays 
Top row: Patterned and developed resist (81813). Middle row: Etched SiNx on Si. Bottom 
row: Etched SiNx after through etching wafer in KOH. Left column: lxl array. Center 
column: 3x3 array. Right column: 5x5 ~may. 
Fabrication yield 
In general, the fabrication yield is dependent on hitting the backside alignment 
perfectly. On the MA6, consistent results can be obtained within <5 f.!m, which is 
generally sufficient to ensure that all arrays are aligned with the membranes as long as 
the membranes are >20f.!m square. Otherwise, yield depends upon the predicted 
membrane size. For example, a batch with very small membranes(> 10 f.!m), shown in 
40 
Figure 13, achieved about ~50% yield for thinned wells centered on the membranes. A 
slight skew to the alignment meant that chips near the edges of the wafer furthest from 
the alignment markers did not hit initially. However, after expanding the membranes by 
continuing the KOH etch, the yield was improved so that most chips had at least a partial 
thinned array on the membrane, although for many of these the array was not perfectly 
centered. For larger membranes, such as a batch fabricated with 50 11m, the yield is 
nearly 100%, since it is much easier to align the wells with the membrane. 
Although it has not been an issue for the thinning parameters described above, the 
yield could also depend on membrane stability, particularly for large membranes (>70 
11m square), thin starting height for the membranes (30 nm or less), or when the thinned 
regions are etched so thin that they become unstable. In these cases, we expect the 
resulting structures to be fragile. For example, a previously fabricated batch of chips with 
~50 11m square SiNx membranes, 30 nm thick, with thinned wells down to <10 nm, we 
observed that both the parent membrane and the thinned circles were mechanically 
unstable and would frequently break during cleaning. Furthermore, we observed steadily 
increasing currents on many of these chips, which we attribute to expansion of the 
nanopore in a very thin membrane. Finally, for very thin membranes the error in thinning 
across the wafer will be proportionally greater, as discussed later in this chapter. 
Process characterization: AFM 
While light microscopy indicates by contrast that the membrane thickness has 
been reduced, more advanced techniques are required to characterize the etch depth, 
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roughness, and uniformity. Atomic force microscopy (AFM) utilizes a flexible cantilever 
probe to scan a surface at constant force or height, and images may be formed from the 
recorded movement of the tip. 
The thinned regions of the SiNx membrane were physically characterized with 
AFM. An Asylum AFM was used to scan the thinned areas to determine etch depth, 
surface roughness, and etch uniformity. All measurements were performed in contact 
mode, in air, at room temperature. NanoWorld contact mode PointProbe tips were used to 
collect all data. 
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Figure 14: AFM of SiNx etch depth in thinned membrane 
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a) and b) 3-D projections of l x l and 3x3 thinned arrays on membranes. c) and 
d) AFM image of lx l and 3x3 thinned arrays. e) and f) Line scans for AFM 
images, taken at the indicated locations (red arrows) for l xl and 3x3 scans. 
Figure 14 shows representative surface scans of two thinned membranes . In 
Figure 14a) and c), a close up scan of a single thinned region shows a uniform etch depth 
of 48 nm, with a surface roughness (standard deviation of etch height) of2 nm within a 1 
)..LID circle centered on the thinned area. The surface roughness of the unthinned 
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membrane adjacent to the nanopore is 0.9 nm. This chip was taken from near the edge of 
the 4" wafer in which it was fabricated. 
Figure 14b) and d) show a 3x3 array of thinned circles on a membrane of a chip 
taken from the center of the same wafer, for which the etch depth is 42 ± 1.5 nm. The 
average surface roughness for this array is 2.5 nm, taken for a 0.5x0.5 )liD square at the 
center of each thinned circle. In all cases, membrane tilt and curvature have been 
subtracted to enhance image quality. 
The thinned membrane thickness in the etched regions, hthin, is given by the 
difference between the original thickness of the membrane, h0, and the etch depth hetch: 
(12) 
The original SiNx film thickness h0 across the entire batch of 4" wafers was 
measured by ellipsometry (Rudolph AutoEL) to be 61 ± 2 nm at center and 63 ± 2.5 nm 
roughly 1 em from the edge. From Equation (12), the thickness of the thinned circles is 
calculated to be approximately hthin, center = 19 ± 2.5 nm near the center of the wafer and 
hthin, edge = 15 ± 3 nm near the edge of the wafer. These measurements are summarized in 
Table 1. 
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T bl 1 S a e urnmary o f S 'N h . h £ hinn d b 1 x e1gJ t or t e mem ranes 
Location ho (nm) hetch (nm) hthin (nm) 
Thinned: Center 61 ±2 42 ± 1.5 19 ± 2.5 
Thinned: Edge 63 ± 2.5 48±2 15 ± 3 
Thinned: Mean Values 62 ± 2.5 45 ±2 17 ± 3 
Regular: Center 28 ± 1.5 - -
Regular: Edge 30 ± 1 - -
TEM drilled nanopores in thinned membranes 
Nanopores may be fabricated in the thinned membranes in the same manner as for 
non-thinned membranes; however, the e-beam exposure time required to form a pore is 
shorter. Typically, a 30 nm thick SiNx membrane requires 30 seconds to 1 minute to 
drill,45•88 however we find that nanopores form in these membranes in a matter of 
seconds. All nanopores are drilled on a JEOL 2010F field emission TEM using a 200 keV 
focused to an intensity of approximately 2.5 x 108 e/nm2.45 Further details on nanopore 
fabrication using a TEM are available in Appendix 1. 
Typically, nanopores fabricated in a uniformly thick membrane measuring several 
)..LID on each side cannot be relocated after moving away from the drilled location. This is 
primarily due to the irregularities in the stage position when changing magnification, and 
the fact that the nanopore cannot be re-located on either the phosphorescent screen or on 
the camera when the image size covers more than 200 nm in width. This corresponds to a 
magnification of roughly 100 kx. The nanopore may be visualized at lower 
magnifications, even below 10 kx, if the position of the nanopore is known a priori and 
the beam is defocused. In this case the nanopore may be tracked with decreasing 
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magnification until it appears as a light dot against the grainy membrane background at 
very low magnification. However, due to the natural texture, variation, and occasional 
contaminants on the SiNx membrane, the pore would not be defmitively identifiable at 
such low magnifications. 
In general, then, the nanopore may only be re-located if its position is known 
within 100-200 nm, so that region may be magnified and the nanopore visually located. 
This is nearly impossible to achieve using the JEOL 2010F on even the smallest 
fabricated membranes, which are just a few square llm in area. But with a permanent 
marker indicating pore location, the nanopore could be re-located easily after use. 
Thinned regions on nanopore chips provide just such a marker, as shown in Figure 15. 
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Figure 15: Nanopore drilling and re-location in thinned membrane 
Main: 3 lex magnified image of thinned region. A 5 nm pore is the small white dot at center, 
shown in insets at 800kx when first drilled (top left) and after removal and reinsertion (top 
right). Bottom right inset shows zoomed out membrane view (600x). 
The thinned circles, 1-2 )liD in diameter, are readily visible via strong contrast in 
the TEM. Figure 15 shows TEM images for a 5 nm pore drilled in the center of a locally 
thinned membrane (hthin = 17 nm, ho = 62 nm). The upper left inset shows the pore 
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immediately after it is drilled at high magnification. Then, the pore is completely 
removed from the TEM and from its holder. Upon reassembly and re-insertion, the pore 
may be re-located at just 3 kx magnification, since it is known to be positioned in the 
center of the thinned region, where even at this low magnification a light dot is clearly 
visible (main image). Magnifying this spot back to 800 kx confirms that it is indeed the 
nanopore (upper right inset). At relatively low magnification (600 x), the contrast of the 
thinned circles provides a clear marker for the user, facilitating precise fabrication and re-
location of the nanopore. 
Electrical characterization of thinned nanopores 
Here we verify that the full-wafer lithography-thinned nanopores afford increased 
signal-to-background, improving the overall sensing resolution of the nanopore. 
Measurements of current as a function of voltage are shown in Figure 16 for two 
representative nanopores of nearly identical diameter, one drilled in a non-thinned 
membrane of height 30 nm, and the other drilled in a locally thinned 17 nm region of an 
otherwise ~60 nm height membrane: 
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Figure 16: Increased conductance of a nanopore in a thinned membrane 
a) Conductance curves shown in blue (regular) and red (thinned). b) TEM images of regular and 
thinned pores whose conductances are depicted in a). 
From Figure 16a), which shows 1-V curves for both nanopores, it is clear that the 
nanopore drilled in the 17nm thinned membrane (red, 24 nS) has a higher conductance 
than the nanopore in the 30 nm non-thinned membrane (blue, 11 nS), as expected. The 
slope of the 1-V curve is equal to its conductance, G. TEM images of both nanopores 
taken immediately after drilling are shown at right. The nanopore drilled in the non-
thinned membrane (blue) is 4.5 nm in diameter, while the nanopore drilled in the thinned 
membrane (red) is 4.7 nm in diameter. Note that the TEM contrast for the thicker 
membrane (blue) is higher than for the thinned membrane (red) due to lower transmission 
of electrons compared to vacuum (pore). 
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If the nanopores were actually cylindrical, we would expect that both Equation (2) 
and Equation (7) could be used to directly confirm the measured membrane thickness 
(depending on the desired model- with or without access resistance) . However, previous 
studies have established that solid-state nanopores are typically shaped like a double 
cone, 
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and therefore have an effective height herr which is the height of a cylinder of 
equivalent diameter and conductivity. Typically herr ~ h/3 where h is the nominal 
membrane thickness at the pore.45'80 By fitting Equation (2) (no access resistance) and 
Equation (7) (with access resistance) to the conductance of nanopores over a range of 
known diameters, we may extract the parameter herr. 
Fits for both models are shown in Figure 17 for nanopores of diameters ranging 
from 3-8 nm, drilled in thinned (h = 17 nm) and non-thinned (h = 30 nm) membranes. 
The nanopores drilled in the thinned membranes have higher conductance than those 
drilled in non-thinned membranes, as for the example pores shown in Figure 16. Both 
models provide a good fit to both data sets. (Unthinned: R2 = 0.959 without AR, R2 = 
0.93 with AR. Thinned: R2 = 0.969 without AR, R2 = 0.955 with AR.) The effective 
nanopore height, herr, was left as a fitting parameter in all cases. 
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The nominal height of the thinned membrane is 17 nm, and the nominal height of the 
regular membrane is 30 nm. All nanopores were drilled by the same operator. 
From the fits that do not include AR, using Equation (2), the effective height for a 
nanopore drilled in a regular 30 run-height membrane was predicted to be 20 nm, while 
the effective height for a nanopore drilled in the 17 nm thinned membrane is only 11 nm. 
When AR is included, using Equation (7), the predicted h eff of both membranes drops 
further; the 30-nm high membrane has an effective height of 16 nm, while the effective 
height for the thinned 17 nm membrane is only 7.5 nm. 
There is no way to objectively say whether the predicted effective heights for the 
model with or without AR are more accurate for either the unthinned or thinned nanopore 
chips. However, the large discrepancy in predicted height with and without AR indicates 
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that model selection becomes increasingly important for small nanopores, where AR is 
predicted to have a proportionally larger effect. 
Table 2 · Fit data for conductance models with and without access resistance 
Data and Fit herr from fit to R
2 for fit of AI predicted G(d) G(d) 
Unthinned NO AR 20.1 nm 0.9588 0.775 (4.5 nm pore) 
Unthinned AR 16.3 nm 0.9301 0.7868 (4.5 nm pore) 
Thinned NO AR 11.6 nm 0.9692 1.34 (4.7 nm pore) 
Thinned AR 7.53 nm 0.9547 1.392 (4.7 nm pore) 
There are, however, several factors that strongly suggest that the model with AR 
should be preferred over the simpler model that neglects AR. First, access resistance is a 
well-documented physical parameter in resistive sensing. For nanoscale pores, AR is 
known to create a significant contribution to the overall resistance, of the same order of 
magnitude as the resistance of the pore itself. Furthermore, for both populations shown in 
Figure 17, herr::.::: h/3 for the model with AR. This is consistent with previously published 
values of herr for membranes of similar nominal height.45 
But the model without AR may also be valid. For the model without AR, both 
populations show a scaling herr::.::: 2h/3. Larger herr indicates a more cylindrical shape, 
while smaller relative herr indicates a wider, tapered double-cone structure. Geometric 
variation of nanopore structure may be attributed to differences in nanopore fabrication, 
as documented by van den Hout et al.: the shape of the characteristic double-cone 
nanopore structure is highly dependent upon the size of the electron beam used to drill 
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the nanopore. 92 An electron beam the same size as or smaller than a nanopore will 
produce a nearly cylindrical nanopore, while beams of increasing size create an 
increasingly sharper edge, and a wider double-cone structure. Geometries with smaller 
relative herr lead to better spatial resolution, but also to a less mechanically stable pore. 92 
As nanopore fabrication is not automated, but rather driven by operator skill and visual 
feedback, it stands to reason that different operators might consistently produce 
nanopores with different double-cone structure. Indeed, we have observed such a 
phenomenon even among different TEM operators within our own research group, all of 
whom use the same TEM for nanopore fabrication. 
While the values obtained for the model with AR are based on a more accurate 
physical model, the model without AR is also useful because it provides an upper limit on 
thickness for comparison. Based on the values obtained for Figure 17, the relative 
effective height is between herr~ h/3 and herr~ 2h/3 for both the thinned and non-thinned 
nanopores fabricated in this study. For the remainder of this manuscript we will consider 
the effective height of nanopores fabricated in the locally thinned chips to be herr = 7.5 
· nm, and the effective height for non-thinned chips to be herr = 16 nm. 
We may use these approximations to calculate the expected variability in 
conductance for the known membrane thickness variation induced across the 4" wafer 
processed by the method described here: from Equation (2), nanopore conductivity could 
vary by up to 10% from the average conductance of a 4 nm pore drilled in these thinned 
membranes (hmcan = 17 nm, hmax = 19 nm, hmin = 15 nm). By contrast, the conductance of 
a regular non-thinned 4 nm nanopore (hmean = 29 nm, hmax = 30 nm, hmi.n = 28 nm) would 
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vary by only 3.5% from its average. Note that the scatter of points around the fits in 
Figure 17 is indeed larger for the thinned nanopores. 
Translocations in thinned nanopores 
We experimentally verified that our wafer-scale lithography-thinned nanopores 
showed larger blocked current Musing trans locations of DNA, which have been 
previously well-characterized in small nanopores of varying thickness.48•82 
Sample translocations for two nanopores of nearly identical size are shown in 
Figure 18 (1-V curves and TEM images ofthese same two nanopores are shown in Figure 
16). One pore is drilled in a standard non-thinned 30 nm thick membrane (blue, d = 4.5 
nm) and a thinned 17 nm thick membrane (red, d= 4.7 nm). 1000 bp DNA (Fermentas) 
was added to the cis chamber in each case and electrophoretically drawn through the 
nanopore under a 300 m V electrical bias. Buffer conditions were 1 M KCl, 10 mM Tris-
Cl, pH 7.5 for both experiments. 
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Figure 18: Sample translocations in non-thinned and thinned pores 
Blue: Non-thinned pore, 4.5 nm diameter. Red: Thinned pore, 4.7 
nm diameter. 
In addition to the larger open pore current observed for the thinner pore as 
discussed above, note that the drop in current, M, during the translocation of dsDNA is 
also larger in the thinned nanopore. The observed values for M match the values 
predicted for both non-AR and AR models, Equations (9) and (10), Mnon-thinned = 0.75 nA 
(predicted: 0.77 nA no AR, 0.78 with AR) and Mthinned = 1.3 nA (predicted: 1.34 nA no 
AR, and 1.39 with AR). Histograms of M for all events collected in these same two pores 
are shown in Figure 19: 
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Figure 19: Histograms of M for thinned and non-thinned nanopores 
Blue: Non-thinned nanopore. Red: Thinned nanopore. 
The Gaussian fits to these histograms confirm the blockage levels observed for 
the sample events in Figure 18. The broadening ofthe distribution for the thinned pore as 
compared to the non-thinned pore may be a result of pore-to-pore variation. Previous 
work has characterized similarly broad distributions of blocked current for dsDNA in 
solid-state nanopores.48'82 
Signal-to-background in thinned nanopores 
Increasing the change in current due to a translocating analyte is in itself 
insufficient to improve the overall detection resolution of solid-state nanopores. Rather, 
drops in current are sensed relative to the open pore current signal, which is inherently 
noisy. 1'20'93-95 However, it has been shown that thinned nanopores should maintain a 
similar noise level to non-thinned nanopores.82 Figure 19 shows power spectra for two 4 
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nm diameter pores: non-thinned (blue) and thinned (red). There is little or no difference 
in noise content within the signal. 
N' 
::r: 
....... 
N 
<( 
..s 
~ 
c.. 
--Thinned 
-- Unthinned 
10-6 
10-7 
4 nm pores, 300 mV 
10-9 ~~~~~--~~~~--~~~~~~~~ 
10 1 103 
frequency, Hz 
Figure 20: Current power spectral density in thinned and non-thinned pores 
Blue: Non-thinned nanopore. Red: Thinned nanopore. Filter cutoff 100kHz, 
Total bandwidth 250 kHz. 
The RMS noise in these nanopores at 0 mV was 55 pA for the non-thinned 
nanopore and 48 pA RMS for the thinned nanopore (1 0 kHz bandwidth). As observed by 
Wanunu et al., we do not see a general increase in noise for thinned nanopores as 
compared to the regular non-thinned nanopores. The corresponding signal-to-background 
(SIB) ratio for a regular non-thinned blocked nanopore is 14, whereas the S/B for the 
thinned nanopore is nearly doubled to about 28. These results are summarized in Table 3. 
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T bl 3 s· 1 t b k a e tgna - o- ac ~~ d t th" d d th" d roun ra 10 m un mne an mne nanopores 
Pore Type AI measured Noise at 10kHz SIB= AI I Noise 
Unthinned 0.7nA 55pA 14 
Thinned 1.33 nA 48pA 28 
We conclude that the thinned nanopores produced by our full-wafer lithography 
technique successfully improve resolution in solid-state nanopores by increasing their 
overall signal, 11!, while maintaining similar noise to non-thinned nanopores. This 
increases the overall SIB for the nanopore, facilitating detection of smaller relative 
changes in the analyte diameter. 
Thinned nanopores are more easily hydrated 
Like many other nanoscale techniques, nanopores present a statistical challenge of 
device functionality. Not every nanopore will be readily hydrated by ionic buffer and 
display a steady current of ions. Some may show a steady open pore current, but do not 
display characteristic blockades of the analyte, or become dirty and blocked shortly after 
addition of the analyte. Still others are blocked altogether, or expanded and broken. 
Although the nature of the contaminants causing dirty and blocked pores has not been 
described, previous reports suggest that these pores contain tiny bubbles which do not 
permit the smooth flow of ions or analytes through the nanopore. 93•96 
An additional advantage of thinned nanopores, also reported by other 
researchers,82 is that a shorter nanopore is less likely to be "dirty"; presumably the 
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reduced aspect ratio provides less surface area to trap potential contaminants, and might 
also facilitate escape of contaminants from within the nanopore volume. Here the relative 
success rate of experiments is reported for non-thinned nanopores as compared to thinned 
nanopores fabricated using the full-wafer scale protocol described above. 
We classified the success of hundreds of experiments using unmodified 3-8 nm 
nanopores with dsDNA analyte into one of five categories as follows: 
I) Translocations: Steady open pore current level corresponding to measured 
nanopore diameter, successful collection of >500 translocations of dsDNA, no 
major data abnormalities 
II) No data: Steady open pore current level corresponding to measured nanopore 
diameter, but no translocations observed OR <500 translocations of dsDNA 
collected before pore became unusable 
III) Dirty: Fluctuating open pore current, OR open pore current is smaller than 
expected based on measured nanopore diameter. 
N) Blocked: Little or no open pore current, nanopore appears completely blocked 
V) Overload: Short circuit, typically caused by a broken or cracked membrane, 
occasionally an artifact of nanopore assembly 
The incidence rates for all categories are reported in Table 4 for nanopore chips 
taken from only two wafers, one which was processed according to a standard fabrication 
protocol (30 nm thick SiNx membrane) and one which was fabricated with thinned 
regions (17 nm thinned region, 62 nm overall SiNx membrane thickness). Data for the 30 
nm thick membrane chips was collected over 4 months, and data for the 17 nm thick 
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chips was collected over 2 months. Percentages are given in parentheses below the counts 
for each category. 
T bl 4 S a e t f t fl th" d th" d uccess rae o expenmen s or non- mne vs. mne nanopores. 
Local # 1: II: III: IV: V: 
membrane experiments Translocations No Dirty Blocked Overload 
thickness Data 
30om 370 14 41 176 55 84 
(non- (3.5%) . (11%) (47.5%) (15%) (22%) 
thinned) 
17om 164 33 20 38 34 39 
(thinned) (20%) (12%) (23%) (21%) (24%) 
Clearly the thinned nanopores provide a superior rate of device functionality 
(20%), nearly a sixfold improvement over the success rate for the thicker nanopores . This 
is a significant advantage for data collection. 
Note that the relative rate of dirty nanopores is lower for the thinned membrane 
than for the non-thinned membrane. This is consistent with the expectation outlined 
above that thinner nanopores should trap fewer contaminants. Additionally, it appears 
that the locally thinned membranes are equivalently robust to the non-thinned 
membranes, despite their larger size (22% overload for 30 nm membrane, 24% overload 
for 17 nm membrane). While the relative rate of completely blocked pores increases 
slightly from 15% in the 30 nm membrane to 21% in the 17 nm membrane, this may be 
attributed at least in part to experiments on the 17 nm membranes during a stretch of two 
weeks where the PDMS used to seal the nanopore cell did not polymerize correctly and is 
believed to have contaminated many pores (within those two weeks: 26/52 =50% 
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blocked). These results were included to avoid undue biasing of the data in favor of the 
thinned nanopores. 
Overall, then, the thinned nanopores created with the fabrication technique 
described here also significantly improve the overall success and throughput of 
translocation experiments. 
Arrays of thinned nanopores 
Locally thinning the SiNx membrane for fabrication of nanopores and nanopore 
arrays offers additional advantages for sophisticated nanopore-based systems, particularly 
optical platforms. The thinned region or regions of the membrane are clearly visible in a 
light microscope, marking the pore location. 
Figure 21 shows two images of a membrane with a 2x2 nanopore array drilled in 
~ 1.5 11m thinned regions of height 17 nm. The height elsewhere on the membrane is 60 
nm. Six thinned regions are visible in the white-light illuminated image (left panel), of 
which four wells (at center and left of image) each contain a single nanopore. When the 
white light is switched off and the array is illuminated by spot-TIRF with a 488 nm laser 
under an applied voltage of 100 mV, four fluorescent spots are observed, co-located with 
the known positions of the nanopores. Note that the upper right hand spot is slightly 
dimmer due to non-uniform laser illumination. 
61 
Figure 21: Optically locating an array of thinned nanopores 
2 mM Fluo-4 fluorescing near a pore with 50 mM CaCh in cis at 
lOOmV 
This fluorescence is formed by a Ca2+ sensitive fluorophore, Fluo-4, which 
fluoresces only in the presence ofCa2+. Fluo-4 is added to the cis chamber, while CaCb 
is added to the trans chamber. Ca2+ ions are transported through the nanopore from trans 
to cis under positive voltage (relative to cis). The local high concentration of free Ca2+ in 
the immediate vicinity of the nanopore in the cis chamber produces the fluorescent spot 
by activating Fluo-4 in that area. The cis chamber also contains a chelator, ethylene 
glycol tetraacetic acid (EGTA) to ensure that the effect remains local to the nanopore. 
In Figure 21,2 mM Fluo-4 was added to the cis chamber with 10 mV EGTA, with 
50 mM CaCb in trans at 100 m V. Although here the fluorescent signal is clearly visible 
without the need for a priori knowledge of the nanopore location, for many applications 
identification of a very small region of interest is crucial to enable high-speed data 
acquisition, or to confirm a possible signal. Arrays of locally thinned areas are also useful 
guides for fabrication of nanopore arrays, such as those proposed for many potential 
sequencing methods. Since the thinned areas are visible in both the TEM and optically, 
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precisely spaced arrays may be fabricated with an accurate record of pore location. These 
points are particularly relevant to certain proposed platforms for nanopore sequencing 
that detect fluorescent spike trains from an array of nanopores, 55'56'97 and to other 
applications that rely on detection of fluorescence from a nanopore or array of 
nanopores. 98'99 
Discussion 
The rate-limiting steps in standard nanopore chip fabrication are 1) the through-
etch of the silicon chip using KOH to leave a freestanding membrane (~48 hours) and 2) 
chip-by-chip nanopore fabrication in a TEM, which can be reduced to ~10 minutes per 
chip for an experienced operator. Thus the total time required for complete processing of 
an entire 4" wafer of 5 mm square nanopore chips (yield: ~ 150 chips) is roughly ftot = 
liithography + lKoH + tdrilling = ~48-72 hours. 
We estimate that fabricating thinned pores by the previously published e-beam 
lithography method requires a minimum of an additional 30 min per chip for e-beam and 
RIE. Over 150 chips, this would more than double the total processing time compared to 
regular nanopore fabrication. If operator and machine time are taken into account, it is an 
event more expensive process since it required at least twice as much skilled use of e-
beam instruments. 
The primary advantages to the full-wafer lithography-based fabrication procedure 
that we have developed here are its throughput and cost. Compared to the process for 
creating regular, non-thinned nanopore chips ( ~ 1.5 hours prior to through-etching in 
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KOH) Processing one 4" wafer using this protocol requires only about 15 additional 
minutes for the patterning and etching of the thinned regions using RIE. 
We also note that the thinned pores drill very fast - in 1 0 seconds or ·less - yet are 
stable for nanopore measurements. The thinned region provides a reference feature 
during the drilling process, enabling the user to determine approximate location at 
intermediate magnifications. This facilitates precision in drilling location, since the pore 
may be fabricated within tens of nanometers of the center of a thinned area. It also 
provides a highly accurate marker of pore location, so that the nanopore may be re-
located for re-imaging at any time after fabrication. This contrast also enables a nanopore 
user to know in advance where on the membrane the nanopore is located, which 
facilitates selection of an appropriate region of interest for applications where spike trains 
through nanopores are detected- for example, our nanopore sequencing method. 56 
Perhaps most importantly, the thinned nanopores give better S/B than non-thinned pores, 
and are far more likely to be functional. 
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Chapter 3: Slowing DNA translocation from outside the nanopore 
Many approaches to improving nanopore resolution seek to increase the 
dwell time of the analyte molecule within the sensing volume. To increase 
the forces acting in opposition to the electrophoretically driven DNA, 
researchers have modified the geometry, buffer, and surface of nanopores 
to increase analyte interactions and net drag. However, these 
modifications also directly alter the sensing volume of the nanopore, and 
therefore are accompanied by inherent sensing limitations for the local 
environment, the analyte, and the readout signal. Here a simple, novel 
nanopore modification is presented which improves resolution by slowing 
the analyte, yet is entirely orthogonal to the sensing modality of the 
nanopore and therefore does not limit its investigative scope or alter the 
output signal. A hydrophobic co-polymer nanofiber mesh electrospun 
directly onto the nanopore chip creates interactions with analyte DNA in 
the volume adjacent to the nanopore, slowing the overall speed of 
translocation and thereby improving nanopore temporal resolution. This 
nanopore-nanofiber mesh (NP-NFM) device is shown to be effective for a 
wide range of DNA lengths, and an optimized nanofiber mesh co-polymer 
blend can slow DNA by more than two orders of magnitude.100 
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Benefits of modifying the volume adjacent to a nanopore 
As highlighted in Chapter 1, a principle advantage of using solid-state nanopores 
as biomedical sensors is that the silicon nitride membrane provides a robust scaffold for 
chemical and physical modifications. Indeed, many researchers have utilized this scaffold 
to tailor translocation behavior for greater resolution in a wide range of sensing 
applications. Over the past decade, researchers have employed a variety of techniques to 
modify translocation behavior in solid-state nanopores. Changing pore geometry affects 
the amount of interaction between a molecule and the nanopore wall, and determines the 
upper size limit for molecules that may gain access to the pore.37•48•87 Nanopores have 
been drilled in a range of membrane materials, including polymers, glass, silicon dioxide, 
and graphene, which provide a range of interactions with charged 
biopolymers.45•89•90•101 •102 Some researchers seek to control interactions by functionalizing 
the nanopore surface with a layer of organic molecules whose charge and hydrophobicity 
may be chemically tuned. 8•103 Other researchers have functionalized the mouths of 
nanopores with individual enzymes to directly regulate translocation speeds.104•105 
However, all of the above methods focus on changing the nanopore itself, and 
therefore fail to decouple improvements in translocation dynamics from undesirable 
consequences like reduced threading efficiency and ion current stability, smaller 
signal/noise ratio, and lower nanopore hydration efficiency. Additionally, most of these 
methods require highly complicated device fabrication processes limiting wide-spread 
use and adoptability. These drawbacks substantially compromise the inherent advantages 
of-versatility and robustness in a solid-state nanopore sensor. 
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Until now, the possibility of controlling translocation dynamics by creating 
interactions in the volume outside the nanopore had not been explored. There are, 
however, several advantages to external volume modification of a nanopore as compared 
to modifications of the nanopore surface, geometry, or environmental conditions. For 
example, Figure 22 shows that if the analyte is to be slowed by creating additional 
attractive interactions, the three-dimensionally coiled nanopore tail will be afforded far 
more potential interaction sites within its volume than on the two-dimensional surface of 
the nanopore. Furthermore, modification of the volume outside the nanopore would, by 
definition, leave the nanopore sensing region unmodified. Thus with careful selection of 
the material used to modify the volume, the nanopore sensor could retain the same 
physical and electrical sensing characteristics as an unmodified nanopore. Given a 
sufficiently chemically, thermally, and otherwise environmentally stable and robust 
material for volume modification, the inherent versatility of the solid-state nanopore 
sensor would be preserved. 
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Figure 22: Modifying volume outside a nanopore. 
The coil of DNA occupying the volume directly 
outside the nanopore may have only a few potential 
points of interaction with the surface of the 
nanopore, whereas a volume modification would 
make such interactions accessible by the entire coil. 
Design parameters for volume modification on a nanopore chip 
The primary challenge to volume modification of a nanopore chip is selection of a 
material that may create a sufficient density of weak attractive interactions with an 
analyte molecule such as DNA, without blocking or otherwise affecting the function of 
the nanopore. Ideally the material would be chemically and structurally robust, 
electrically neutral, and thermally stable. It should be volumetrically sparse so as not to 
physically occlude the nanopore, yet must create a relatively homogeneous structure, and 
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should have high relative surface area to provide a maximum number of potential sites 
for interaction. It must be entirely permeable to the ionic buffer used for nanopore 
experiments. Practically speaking, biocompatible and cheap materials are preferable, and 
the fabrication process should be relatively simple and parallelizable. 
Figure 23 shows a schematic for a modified nanopore sensor that incorporates a 
hypothetical volumetric structure as described above. As the DNA translocates from the 
cis (top) to trans (bottom) chamber, its long tail may interact with the structured material 
in the cis chamber, creating forces in opposition to the movement of the DNA and 
slowing its overall progression through the nanopore. The panels at bottom depict the 
microstructure of several types of materials that fit many of the criteria listed above: a 
sponge, a colloid, and a fibrin network. 
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Figure 23: Design parameters for material selection 
Top: Schematic of nanopore with sparse, high-surface area 
structure outside the nanopore. The trailing end of the DNA 
molecule may interact with this material during translocation. 
(Modified with permission from Squires et al., JACS 2013) 
Bottom: Microstructure of types of structures that might be 
appropriate for nanopore volume modification (left to right): a 
sponge, a colloid, and a network of fibrin. 
A porous sponge-like material is very permeable to ions, is structurally robust 
with a high surface area, and could very easily be biocompatible. Synthetic poly(L-lactic 
acid) (PLLA) and poly(lactic-co-glycolic acid) (PLGA) sponges are a popular 
biocompatible synthetic extracellular matrix. 106 However, sponge structures, while rigid 
and porous, are actually not sufficiently sparse to statistically guarantee that they would 
not physically block a nanopore would not be physically blocked. Typical pore volume 
fractions are 75-90% for synthetic ECMs. 107 Perhaps more problematic is the challenge 
of fabricating a sponge-like synthetic polymer directly on the nanopore; synthetic 
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sponge-like scaffolds are typically formed by a mixture of the scaffold material and a 
porogen which is later removed, and may require a mold before solidification. Ios 
Colloidal nanoscale particles have extremely high surface to volume ratio, and are 
commonly functionalizable with a variety ofbiomolecules. 109 Fabrication could simply 
consist of adding particles to the appropriate chamber of the nanopore cell. However, the 
effects on the nanopore would be dependent on local structure and volume fraction, 
which could change over time and with different experimental conditions as the colloid 
could not form a rigid, semi-permanent structure over the nanopore. 
The fibrin network, on the other hand, represents a class of nonwoven mesh 
structures with characteristics compatible with a nanopore. Meshes have extremely high 
surface to volume ratio with extremely low volume fraction, are structurally stable, and 
can be formed from a variety of natural and synthetic materials with a wide range of 
morphology. Among the many techniques for creating synthetic fiber meshes, 
electrospinning stands out as an excellent option for fast, parallel, reproducible 
fabrication that should be compatible with a nanopore chip. 110·I I I 
Electrospun fiber meshes 
An electrospun mesh is formed from a polymer drawn from a charged needle to a 
grounded screen. As the polymer is drawn from the needle, solvent evaporates, increasing 
the overall surface charge density. In response, the fiber gets progressively thinner as it 
moves away from the needle, eventually forming the characteristic "whipping" motion 
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observed at the Taylor cone.110 The resulting mesh is nonwoven, sparse, and has tunable 
chemistry and physical parameters. 
0 
Figure 24: Schematic of electrospinning apparatus and technique 
Polymer is drawn through a charged needle and onto a grounded screen. During 
flight the polymer is elongated and thinned by the changing charge density. This 
produces a randomly oriented non-woven polymer mesh. 
Previous studies have demonstrated that nanofiber meshes can act as an adsorbent to 
separate biopolymers. 16 Other applications use electrospun meshes as cell scaffolds, drug 
d 1. d . 4 112 d d . 113 d . 1 1. . e Ivery evices, ' woun ressmg, an many commercia app Icatwns. 
Nanopore-nanofiber mesh (NP-NFM) sensor 
Here we present a novel nanopore-based device to slow translocation of DNA 
through a nanopore via interactions in the volume outside the nanopore. In this nanopore-
nanofiber mesh (NP-NFM) device, a 3-D nonwoven mesh is electrospun directly onto the 
nanopore chip, where it occupies the volume above the nanopore, as depicted in Figure 
23 and Figure 27. It provides a large number of sites on its surface throughout that 
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volume for interactions with DNA prior to and during translocation through the 
nanopore. 100 
We have previously developed a superhydrophobic continuous nonwoven 
electrospun polymeric mesh for drug delivery, depicted in Figure 25.4 The mesh fiber 
consists of poly( E-caprolactone) (PCL) mixed with a novel poly(glycerol-co-E-
caprolactone) (PGC). These nanofibers range from 100 nm to 1 urn in diameter, and the 
mesh thickness can range from 1 J..Lm to 500 Jlill thick. The PGC polymer can be readily 
functionalized with a variety of side chains to introduce hydrophobicity or charge. 
Consequently, the nanofiber meshes can be designed to have a variety of 
hydrophobicities, charges, and 3D geometries, allowing us to fine-tune interactions of 
this mesh with DNA, in order to optimize effects on the translocation process. 
For this study, NFMs were formulated from copolymer blends ofpoly(E-
caprolactone) (PCL) (70-90 kg/mol, Sigma) and poly(glycerol-monostearate-co-E-
caprolactone) (PGC-Cl8) (22 kg/mol) (Figure 2a). 100 PGC-Cl8 is synthesized according 
to our previously published protoco1.4'114 
Nanofiber mesh synthesis 
PCL (70-90 kD) is purchased from Sigma to afford polymer chain entanglement 
sufficient for electrospinning techniques, while PGC is fabricated according to our 
previously published synthesis for a stearic acid side chain. 114 Figure 25 shows the 
structure of PCL, which acts as a scaffold polymer for the electro spun mesh. The 
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synthesis of the functionalized, but otherwise chemically similar (and therefore highly 
miscible with PCL) PGC-C18 is described in Figure 25b). 
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Figure 25 : Chemical structure ofPCL, synthesis ofPGC-C18 
a) Poly(capro-£-lactone). b) Poly(glycerol-co-£-caprolactone) synthesis and product. Modified 
from Squires et al., JACS 2013. 
To synthesize PCG-C18, the poly(glycerol-co-E-caprolactone) (1:4) (PGC) 
backbone was synthesized through a tin octanoate catalyzed (1/100 eq) ring opening 
polymerization of the E-caprolactone and 5-(benzyloxy)-1,3-dioxan-2-one monomers in a 
4:1 ratio, respectively, at 140°C for 12 hours. The copolymer was isolated through a 
precipitation in cold methanol (yield: 99%). The benzyl-protecting group was removed 
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from the polymer backbone using a palladium-catalyzed hydrogenation in THF for 16 
hours at 50 psi. The catalyst was removed by filtering the product through Celite (yield: 
99%). The deprotected PGC polymer (PGC-OH) was dissolved in DCM with stearic acid, 
N,N'-dicyclohexylcarbodiimide (DCC), and 4-dimethylaminopyridine (DMAP) and 
stirred at room temperature for 16 hours to functionalize the polymer with stearic acid. 
Dicyclohexylurea was removed by filtration and the solvent removed by evaporation. The 
stearic acid functionalized PGC (PGC-C18) was purified by dissolving the polymer in 
DCM and precipitating it into cold methanol. The PGC-C18 polymer was filtered and 
dried under hi vacuum for 12 hours (Yield: 93%). The functionalized PGC is then mixed 
in the appropriate ratio with PCL to produce the final polymer for electrospinning. 100 
All chemicals were purchased from Sigma Aldrich and used without further 
purification, unless otherwise noted. Solvents used during synthesis were dried and 
distilled prior to use. All reactions were conducted in dry conditions in a nitrogen 
atmosphere. DCM= dichloromethane and THF= tetrahydrofuran. 100 
PGC-C18 molecular weights were determined by gel permeation chromatography 
(GPC) versus polystyrene standards using a THF eluent at a 1.0 mL/min flow rate 
through a Styragel column (HR4E THF, 7.8 x 300 mm) with a refractive index detector. 
The molecular weight was determined to be (22,000 g/mol, PDI 1.4 by GPC). 100 
The structure was confirmed using NMR, as shown in Figure 26: Chemical shifts 
are reported in parts per million (ppm) as follows: chemical shift, multiplicity (s= singlet, 
d= doublet, t= triplet, q= quartet, m= multiplet, br= broad). 100 
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Figure 26: NMR of PGC-C18 
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a) 1H NMR ofPGC-C18. (400 MHz, CDC13). 8= 0.79-0 .83 (t, J=8 Hz, 3 H; CH3), 1.15-
1.21 (s, 32 H; CH2), 1.29-1.35 (m, 4 H; CH2), 1.56-1.64 (m, 18 H; CH2), 2.22-2.28 (m, 10 
H; CH2), 3.97-4.01 (t, 8H; CH2), 4.03-4.34 (m, 6 H; CH2), 5.17-5.23 (m, 1 H; CH). b) 
13C NMR ofPGC-C18. (400 MHz, CDC13) 8= 14. 1, 22.7, 24.6, 25 .5, 28.3, 29.7, 31.9, 
34.1, 62.0, 64.1, 65.5, 68.2, 68.6, 154.85, 172.87, 173.54. Modified from Squires et al., 
JACS2013. 
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NP-NFM fabrication 
To create an NP-NFM sensor, first a nanopore is fabricated in a regular nanopore 
chip, then after cleaning the NFM is deposited via electrospinning. 100 A schematic of the 
resulting device is shown in Figure 27. 
Figure 27: The nanopore-nanofiber mesh (NP-NFM) sensor 
Top (right to left): Panels show a scanning electron micrograph of the NFM, a close-
up schematic of the mesh near the nanopore with DNA translocating, and a 
transmission electron micrograph of the nanopore. Bottom: Schematic depiction of a 
nanopore sensor (gold) coated with an electrospun polymeric nanofiber mesh (NFM, 
green). 
The nanopore is drilled with a tightly focused electron TEM beam in an LPCVD-
deposited, low-stress SiNx membrane (25 nm thick; Figure S 1 ). 115 A nanopore is drilled 
through the SiN using a highly focused transmission electron microscope beam ( 108 - 109 
e-/nm2) to sputter away material from the thin membrane according our previously 
published method. 115 
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Nanopore chips are cleaned prior to wetting in a heated 3:1 H2S04:H20 2 (piranha) 
bath for 15 minutes to remove any organic contaminants and improve pore wettability.49 
Chips are then rinsed and stored in DI water until electrospinning. 
The SiN nanopore chips are affixed to the grounded collecting surface using 
double-sided copper tape. A copolymer solution of PCL and PGC-C 18, prepared as 
described above, is flowed through a capillary needle (16G- 20G). A voltage of 10-25 kV 
is applied between the needle and a rotating and translating metallic drum, placed 8-24 
em away from the needle, in order to achieve the desired fiber diameters and cavity sizes 
via an appropriate amount of drying time between the needle and the collector. 10° Figure 
28 shows images of nanopore chips before and after electrospinning. 
Parallel fabrication ~1 min electrospinning 
Figure 28: Nanopore chips before and after electrospinning 
Images of nanopore chips before (left) and after (right) 
fabrication, showing parallelization of electrospinning 
technique. Up to 50 chips may be spun at once using our 
current apparatus. 
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The NFM fabrication step is facile, parallel, and fast. For example, coating 50 
chips required only about a minute and a few milligrams of polymer. The resulting NFM 
has low volume fraction, high surface area, and is mechanically stable. 100 
The following co-polymer blends (Table 5) were created in 5:1 
chloroform:methanol solutions and electrospun onto nanopores: 7% by wt. poly(£-
caprolactone) (PCL) (70,000-90,000 MW, Sigma) (PCL alone solution), 7% by wt. PCL 
+ 0.78% by wt. PGC-C18 (9:1 PCL:PGC-C18 blend), 7% by wt. PCL + 1.75% by wt. 
PGC-C18 (8:2 PCL:PGC-C18 blend), 7% by wt. PCL + 3% by wt. PGC-C18 (7:3 
PCL:PGC-C18 blend), 7% by wt. PCL + 4.66% PGC-Cl8 (6:4 PCL:PGC-C18 blend), 
7% by wt. PCL + 7% by wt. PGC-Cl8 (5:5 PCL:PGC-C18 blend). The electrospinning 
parameters were modified from a previous publication based on PCL.69•116 The procedure 
was modified to produce nano-fibers (~300 nm) using a 3 ml/hour flow rate, an 8 kV 
source, a collector distance of 10 em, and a 20 gauge needle for all electrospun NFMs. 
NFMs were electrospun precisely long enough to deposit 5 mg of polymer onto the 
grounded collector for each blend. 100 
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Table 5. PCL:PGC-Cl8 copolymer blend electrospinning parameters. 
El . . . d" d 1 . 5 f 1 b h f ectrospmnmg times were a lJuste to e ectrospm mg o • polymer per ate o NP-NFM. 
PCL:PGC-C18 copolymer blend ratios 
Polymer blend PCL 9:1 8:2 7:3 6:4 
alone 5:5 
PCL weight 7% 
PGC-C18 weight 0 0.78% 1.75% 3.00% 4.67% 7.00% 
Applied potential 8kV 
Grounded collector 10 em distance 
Needle gauge 20 gauge 
Flow rate 3mL/hr 
Electrospinning 85 78 69 60 52 43 
time seconds seconds seconds seconds seconds seconds 
NP-NFM physical characterization 
The nanofiber mesh compositions described in Table 5 vary in the proportion of 
functionalized side chain, which is known to produce variations in NFM surface 
chemistry, fiber size, and fiber morphology. We characterized the physical properties of 
each mesh to ensure that we varied only chemical composition across the set ofNFMs 
tested. We first imaged the meshes to determine their morphology using SEM. We then 
measured surface hydrophobicity, which is an indicator of chemical composition. We 
find that our mesh morphology is consistent across all blends, while chemical 
composition, as indicated by surface hydrophobicity, changes depending on the 
copolymer blend. 
A Zeiss SUPRA 55VP field emission SEM was used to image the surfaces of 
each NP-NFM. The samples were affixed to an aluminum sample stub using copper tape 
80 
and were coated with 5 nm of Au/Pd prior to imaging. Images were taken at an 
accelerating voltage of2 kV. 100 
A representative SEM image (Figure 29) of a PCL:PGC-C18 electrospun 
nanofiber mesh comprised of7:3 PCL:PGC-Cl8 shows fibers (341 ± 142 nm in 
diameter) with significant roughness and controlled cavity size (1063 ± 248 nrn wide) 
(figure 6). These images indicate that the mesh is several layers thick (1-2 11m). The 
beading we observe on the mesh was consistent across different copolymer blends and 
did not appear to affect our results. 100 
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100x 1,000x 
10,000x 38,770x 
Figure 29: SEM images of a 7:3 PCL:PGC-C18 NP-NFM device 
Images taken at lOOx, l,OOOx, lO,OOOx, and 38,770x. Scale bars are 100 
f.lm, 10 f!m, 1 f!m, and 200 nm for the lOOx, l,OOOx, lO,OOOx, and 
38,770x images, respectively. All NFM copolymer blends produce 
similar fiber diameters and bead moi"phology. Both micrometer and 
nanometer scale texture is produced by the NFMs allowing for the 
enhanced hydrophobicity observed in Figure 1. The SiN membrane is 
visible below approximately 3-4 layers of nanofibers (lO,OOOX image) 
making the NFM approximately 1-2 f!m thick. Modified from Squires et 
al., JACS 2013. 
We used SEM images taken for three different representative copolymer blends 
used in this study (PCL only, 9:1 PCL-PGC-C18, and 7:3 PCL:PGC-Cl8) to determine 
the consistency of mesh morphology across blends. These micrographs are shown in 
Figure 30, and exhibit similar physical characteristics. Cavity sizes and fiber diameters 
were measured in ImageJ. Fiber diameters ranged from 300-450 nm. 100 These SEMs 
confirm that the electrospinning deposition time, voltage, and needle position were 
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adequately adjusted to produce unifmm NFM thicknesses with fibers of similar 
morphology across all polymer blends. 
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Figure 30: Morphology ofPCL:PGC-C18 copolymer blend NFMs 
Top: Fiber diameters for each blend range from ~250-450 nm. Representative fibers 
were chosen at random for each NFM copolymer blend. Bottom: SEMs showing NFM 
morphology. NFMs have a constant PCL weight%. PGC-C18 content does not affect 
the physical properties (fiber diameter, mesh density, etc.) of the NFM. (Scale: 2 ).!ill. 
Magnification: 2,500X. n=9, Avg±StDev, p>0.05 comparing each copolymer blend). 
Modified from Squires et al., JACS 2013. 
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Nanofiber mesh hydrophobicity 
While the mesh morphology is held consistent across all copolymer blends, we 
found that doping PCL with increasing quantities of the hydrophobic PGC-C 18 increases 
the resulting mesh hydrophobicity, as characterized by water droplet contact angle 
(Figure 31 ).100 These measurements of hydrophobicity indicate changes in chemical 
composition. 
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Figure 31 : Contact angle characterization ofNFM hydrophobicity 
5:5 
a) A 4 ul droplet is placed on the mesh and measured according to the angle 
formed at the interface of the droplet with the surface. b) Contact angle as a 
function of mesh composition. Modified from Squires et al. , JACS 2013. 
To quantify mesh hydrophobicity, a family of hydrophobic meshes composed of 
PCL doped with the stearic acid modified PGC (PGC-C18; 21 ,000 g/mol; PDI=1.73) was 
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prepared at three doping concentrations (10%, 30%, 50% PCG). The apparent contact 
angle for these meshes, shown in Figure 31, increases from 136° for the PCL only mesh 
to nearly 160° for the 5:5 PCL:PGC-C18 mesh. Two of these, the 7:3 and 5:5 blends, 
may be categorized as superhydrophobic (contact angle > 150°). All are much greater than 
the contact angle of 116° measured for a smooth cast film surface. 
NP-NFM electrical characterization 
It is crucial to characterize the electrical properties of the modified nanopore as 
compared to a bare nanopore to ascertain that our NFM modification is indeed orthogonal 
to nanopore sensing. We measured noise and conductivity in representative NP-NFMs, 
and found that their characteristics were nearly indistinguishable from bare nanopores. 
We conclude that this device has successfully incorporated the NFM without changing 
the inherent electrical behavior of the nanopore. 
NP chips were sealed in a custom-built flow cell permitting a low-noise recording 
of the ion current flowing through the pore. Nanopore chips are assembled in a Teflon 
cell and PDMS is used to seal the edges of the chip to prevent current leakage, according 
to our previously published protoco1.115 Reservoirs on each side of the membrane are 
filled with an electrolyte buffer (1M KCl, 10 mM Tris-HCl) and all bubbles are removed 
manually. The NFM coating may be hydrated using 5% ethanol, if necessary, which may 
then be rinsed out with a 1 Ox buffer exchange. An Axon 200B amplifier is used to apply 
a voltage clamp (~300 mV) across the membrane via Ag/AgCl electrodes, and the 
1 . . d 100 resu tmg current 1s measure . 
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All data are collected using National Instruments AID data acquisition boards and 
custom Labview software at a rate of250 kHz, filtered at 100kHz (unless otherwise 
specified). Conductance is calculated by measuring current as a function of voltage for-
500 mY to +500 mY. The electrolyte buffer used in this study was 1M KCl, 10 mM Tris-
Cl, pH 7.5. Typical applied bias for translocations is 300 or 500 mY. Electrical noise is 
measured both as RMS noise for each voltage applied, and also as a frequency-domain 
spectrum transformed from a continuously recorded current trace. Only NP-NFM devices 
that displayed voltage response and noise characteristics very similar to an uncoated 
d . h" d 100 nanopore were use m t 1s stu y. 
Noise power spectra were collected for a bare nanopore, a PCL-only-coated 
nanopore, and a 7:3 PCL:PGC-C18-coated nanopore. Data was acquired at an applied 
bias of 300 mY at a rate of 250 kHz, and was filtered at 100 kHz. Figure 32 shows 
averaged power spectra for each of these devices. All nanopores were 4 nm in diameter 
as measured via TEM. The three power spectra are nearly identical, indicating that the 
NFM does not significantly change the background current noise in a solid-state 
nanopore. 100 Note that the red and blue spectra are for the same pore on different days, 
while the green spectrum is a different nanopore of the same size (hence the slightly 
different shape to the curve). 
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Figure 32: Noise power spectra for coated and uncoated pores 
Power spectra of current for a 4 nm nanopore at 300 mV, lM:lM 
KCl, with three different NFM coating conditions: bare (blue), PCL 
only (green), and 7:3 PCL:PGC-C18 (red). Data collected at 250kHz, 
filtered at 100 kHz. 300 mV applied bias. Modified from Squires et 
al., JACS 2013. 
We next checked NP-NFM conductivity compared to a bare pore to ensure that 
the addition of an NFM does not significantly affect nanopore voltage response. Figure 
33 shows I-V curves for the same three nanopores (bare nanopore, a PCL-only-coated 
nanopore, and a 7:3 PCL:PGC-C18-coated nanopore) between -500 mV and +500 mV 
relative to the grounded cis chamber. As with noise, the conductance of the nanopore ( ~9 
nS) does not appear to be affected by either NFM. 
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Figure 33: 1-V curves for coated and uncoated nanopores 
1-V curves for a 4 nrn nanopore in 1M: 1M KCl, with three different NFM 
coating conditions: bare (blue), PCL only (green), and 7:3 PCL:PGC-C18 
(red). Data collected at 250 kHz, filtered at 100 kHz. Modified from 
Squires et al., JACS 2013. 
NP-NFM sensors for DNA detection 
In addition to checking that the NP-NFM had electrical responses nearly identical 
to those of a bare nanopore, we also demonstrated that it could detect translocations of 
DNA. We expected that while the addition of an NFM might affect translocation 
dynamics, it should not fundamentally change the resistive sensing capability of the pore. 
Indeed, we found that the NP-NFM sensor readily detected transient blockades in current 
due to the passage of DNA. Furthermore, the NP-NFM did not exhibit detectable non-
88 
specific binding that might complicate sample change via serial dilution and buffer 
replacement. 
Figure 34 shows a continuous current trace of DNA added to the cis side of an 
NP-NFM device with an 8:2 PCL:PGC-C18 electrospun mesh. First, under an applied 
electric potential of 500 m V, a clean current trace is obtained from a 4 nm nanopore. 
Adding ~lnM 1000 bp DNA into the cis chamber induces transient blockades in the ionic 
current corresponding to translocations of DNA from the grounded cis side to the 
positively biased trans side of the membrane.100 
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Figure 34: Current trace for DNA in an NP-NFM at 500 mV 
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These continuous current recordings for an NP-NFM (8:2 PCL:PGC-C18) initially show a 
clean pore with a steady open pore current of ~4.5 nA. After adding 1000 bp DNA, transient 
drops in current indicate the passage of individual molecules through the nanopore. The DNA 
was rinsed out with a 1 Ox wash, returning the current trace to its original clean and open state. 
Data was collected at 500 mV in a 1M: 1M KCl buffer, pH 7.5. Current was recorded at 250 
kHz and filtered at 100kHz. Modified from Squires et al., .lACS 2013. 
Upon rinsing the nanopore lOx with buffer (no additional DNA), the nanopore 
current was returned to its original clean state, with no transient blockades. This 
demonstrates that the NP-NFM can detect the presence of DNA in the same manner and 
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at the same concentrations as a bare nanopore. Additionally, the NP-NFM may be cleared 
of one sample using the same wash protocol as for a bare nanopore, confirming that 
multiple samples may be used in succession in the NP-NFM without cross-
contamination. 
Comparison of dsDNA trans locations for NP-NFM vs. bare nanopore 
While the NP-NFM detects transient blockades as well as a bare nanopore, we 
observe that some, but not all aspects of these translocations are identical to what we see 
in a bare nanopore. Specifically, we note that while the current blockage level appears to 
be unaffected by the presence of an NFM, the overall translocation times are significantly 
longer. 
Figure 35 shows sample translocations collected for a bare nanopore (blue) and 
the same nanopore coated with a 7:3 PCL:PGC-Cl8 NFM (red). These events are 
characterized by duration (tT) and relative current blockage level (/B), as described in 
Chapter 1. Thousands of trans locations were collected for each nanopore condition. 
Current levels for individual events are determined using Gaussian fits to all-points 
histograms. Overall open pore current, conductance changes, blockage levels, and so 
forth are fits to ensemble histograms. The overall population characteristics may be 
observed on the event diagram (scatter plot, Figure 35b). 
Dwell time is characterized in Figure 35c): distributions for translocation time, tT, 
represent the tail of a Poisson-like distribution49·11 7 and are characterized by the timescale 
of an exponential decay fit. Where multiple populations could be distinguished, this fit 
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used two terms, one for "normal" translocations, and one for "slowed" translocations, 
weighted for counting error. A typical r2 value is 0.9 or higher for both types of fits. 
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Figure 35: Comparison oftranslocations in bare pore vs. NP-NFM 
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a) Sample translocation events for the same nanopore, bare (blue) and coated (red, 7:3 
PCL:PGC-Cl8). Scale bar at right, lopen = 2.7 nA. 1000 bp DNA, 300 mV, 250kHz, sample 
events low-pass filtered at 10 kHz. b) Event diagrams for the corresponding full data sets. c) 
Histograms of translocation time for same bare and coated pore with exponential decay to 
characterize translocation time. Coated nanopore requires a double exponential decay fit to 
accurately capture the distribution. Modified from Squires et al., JACS 2013. 
First, and most noticeably, Figure 35 shows a broader spread in the DNA 
translocation time for the NP-NFM as compared to the bare nanopore. Specifically, the 
dwell-time of a large fraction of the events falls between 0.5 ms and 10 ms (Figure 3b ); a 
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range which exceeds the typical translocation time of the same uncoated pore by roughly 
an order of magnitude. 
A closer evaluation of the translocation events (see sample events in Figure 3a 
and the dwell time histograms in Figure 3b) suggests that instead of a uniform shift of the 
entire dwell time histogram towards longer timescales, the NFM induces a bimodal 
distribution containing populations of "normal" and "long" events. Indeed, a mono-
exponential tail fit fails to represent the dwell time histogram of the NFM coated pore as 
accurately as does a double exponential fit. The shorter timescale, r1, is close to the 
typical timescale for the uncoated pore, while the longer timescale, r2, is nearly 1 Ox 
longer. 
Second, we note from both the sample events in Figure 35a) and the scatter plot in 
Figure 35b) that the presence of the NFM does not substantially affect the open pore 
current (the ion current prior to DNA entry into the pore) or the blocked current level. 
Since blockage level is the result of a drop in conductivity when DNA physically blocks 
the pore, and because prior results had indicated that the conductivity of the nanopore 
was unaffected by the NFM, this data confirmed our expectation that the blockage level 
would also not be affected by the NFM. 
Current blockage level does not depend on NFM chemical composition 
Our next step was to expand the family ofNP-NFM devices to determine whether 
the changes in translocation dynamics that we had observed for the 7:3 PCL:PGC-C18 
mesh were influenced by changes in mesh chemical composition. To further characterize 
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the nature of the slowed DNA translocations induced by the presence of a tunable NFM, 
we expanded the family ofNP-NFM devices to include six.different PCL:PGC-C18 
copolymer blends spun onto 4-4.5 nm pores. All observations were referenced to a bare 
nanopore. 
Similar to our observations for the 7:3 copolymer blend, the relative blockage 
level (18 = hlockll open) and the open pore conductance measured are nearly the same across 
all of these compositions (Figure 36). These results suggest that ion mobility near the NP 
in each of these meshes is similar to that of a bare NP, consistent with the results 
described above for the 7:3 copolymer blend. 
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Figure 36: Current blockage level for NP-NFM with varying chemical composition 
Current blockage level 18 for: Bare pore, PCL only, 9:1, 8:2, 7:3, 6:4, and 5:5 PCL:PGC-Cl8 
blends. All data are for 1000 bp dsDNA in 4-4.5 nm nanopores at 300 mV (error bar: -r ± 
95% fit confidence interval for Gaussian current level fits. Red, green, and blue pores 
correspond to the same experiments used in Figure 32, Figure 33, and Figure 35. Modified 
from Squires et al., JACS 2013. 
Translocation time depends on NFM chemical composition 
In contrast to the ion current levels, we found that dsDNA translocation dynamics 
in an NP-NFM sensor are highly dependent on the NFM chemical composition. We 
measured the characteristic translocation times of 1000 bp dsDNA using different NFM 
copolymer blend coatings, once again tail-fitting the resulting dwell-time distributions to 
double exponential functions as in Figure 35. 
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We defined the relative r as the ratio of the timescale for the "long" event 
population (t2) at each coating normalized by the characteristic timescale of translocation 
in the bare pore. We repeated these measurements at two applied voltages: 300 mV and 
500 mV. Our results are summarized in Figure 37. Error bars show corresponding 95% 
confidence intervals for fits). For reference we also show the relative short r values using 
the normal translocation population (t1) where available, generally showing a value near 
unity.IOO 
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Figure 37: Relative slowing factor for translocations in NP-NFM of various chemical 
composition 
Slowing factor Trelative (where Trelative = Tcoatedhbare) for various coatings: Bare pore (Trelative = 1), 
PCL only, 9:1 , 8:2, 7:3, 6:4, and 5:5 PCL:PGC-Cl8 blends. All data are for 1000 bp dsDNA in 
4-4.5 nm nanopores, 300 mV (blue) and 500 mV (red) (error bar: T ± 95% fit confidence 
interval of exponential tail fits ; 9:1 PCL:PGC-Cl8 blend at both 300 and 500 mV is shown at 
1/3 scale for clarity). T reiative values calculated using either TJ or T2 are indicated by light and dark 
colors, respectively. Modified from Squires et al., JACS 2013. 
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When the NFMs are ranked in order of increasing hydrophobicity according to 
contact angle measurement, we observed non-monotonic changes in relative r: The most-
and least-hydrophobic NFMs, respectively, had less effect on translocation speed than an 
intermediate blend. Nevertheless, PCL alone slowed translocations by more than 20x at 
both 300 mV and 500 mV. The superhydrophobic 6:4 and 5:5 PCL:PGC-C18 meshes 
only slowed DNA by 12x and 4x, respectively, at the lower driving force of300 mV. 
For intermediate copolymer blends, the data collected at both 300 and 500 mV 
clearly showed a more pronounced slowing effect than the most- and least-hydrophobic 
meshes. In particular, the 9:1 PCL:PGC-C18 NFM slowed translocations by more than 
140x at 500 m V, and more than 170x at 300 m V. At 300 m V, nearly 20% of events for 
this mesh were longer than 10 ms. For comparison, <0.2% of events in the bare pore at 
300 m V are longer than 10 ms. 
Pattern of slowing is independent of metric for t_ T 
Other metrics for analyzing the translocation time were explored (e.g., histogram 
peaks (tp) for logarithmic binning of the data), but these approaches generally failed to 
capture both the short and long translocation event populations. However, the same 
general trend observed for 'trelativc was also apparent for all other metrics describing 
translocation time. 
Specifically, we compared five methods of analysis for translocation dwell time, 
illustrated in Figure 38 using the data from Figure 35 as an example: 
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I) Most probable translocation time, tp_linear, is defined for a linearly binned 
histogram of translocation times as the center of the most probable bin. Error is 
given by ± (bin size )/2. 
II) Characteristic translocation time, r, is defmed by an exponential decay fit to the 
tail of the linearly binned translocation time histogram: PDF=Ae -(t/rl) + Be·(th2) • 
Histograms for the bare pore at 300 m V and 500 m V were well fit by a single 
exponential decay, whereas nearly all data sets for NFMs required two 
exponential decay terms (goodness of fit determined by R2). Error is reported for 
a 95% confidence interval for this fit. 
III) A variation on most probable translocation time, tp_log, is defined as the Gaussian-
fit mean of a log-binned histogram of translocation times. Error is reported for the 
95% confidence interval for this fit. 
IV) The mean translocation time, <h>, is the numerical mean of all h with error 
defined by the standard deviation of the mean,± crsnoM-
V) Percent of events over 1 ms are counted, with counting error± crsnoM* 100%. 
Table 6 details the values of all metrics for the data sets used in the coatings 
study. 
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Figure 38: Depiction of analysis methods to characterize translocation time 
Shown for bare pore and 7:3 PCL:PGC-Cl8 NFM-coated pore at 300 mV, 1000 bp DNA. a) 
Methods I and II: Most probable translocation time (linear), tp_Iinear, is taken from the distribution 
peak. Characteristic translocation times -ri are given by exponential decay fits to distribution tails. 
b) Method III: Most probable translocation time (log), tp_Iog, is determined by a Gaussian fit to the 
log-binned tT. (Method IV, numerical mean, not shown) c) Method V: Events exceeding 1 ms 
(dotted line) are counted as a fraction of the data set. Modified from Squires et al. , JACS 2013. 
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Table 6: Values for each method of translocation time analysis 
Characteristic translocation time for the various PCL:PGC-C18 copolymer blends tested, at both 300 and 500 mV, listed by method. 
METHOD: I II III IV v 
Copolymer Voltage #of 
blend (mV) Events tp_linear (1-!S) Tt (1-!S) T2 (1-!S) tp_log (1-!S) <iT> (!-ls) iT>1 ms (%) 
Bare pore 300 2141 30 ± 10 (42 ± 2) 42±2 52± 3 118 ± 8 1.63 ± 0.3 
PCL only 300 1025 75 ±25 75 ± 5 878 ± 105 230 ± 72 937 ±53 29 ± 1.7 
9:1 PCL-PGC 300 204 500 ± 100 330 ± 45 7293 ± 4400 739 ± 350 3550 ± 165 47±6 
7:3 PCL-PGC 300 1672 62.5 ± 12.5 63 ± 3 627 ± 37 290 ±55 923 ± 38 26 ± 1.2 
\0 6:4 PCL-PGC 300 
\0 
879 75 ± 25 68 ± 5 527 ±54 204 ± 62 862 ±53 30±2 
5:5 PCL-PGC 300 1114 50± 10 44± 3 188 ± 11 98 ± 6 214 ± 16 2.5 ± 0.5 
Bare pore 500 926 15 ± 10 (26 ± 2) 26±2 22 ±25 96± 9 1.2±0.4 
PCL only 500 1164 30 ± 10 58± 3 592 ± 45 281 ± 40 1110±55 34 ± 1.7 
9:1 PCL-PGC 500 549 300 ± 100 325 ± 40 3670 ± 630 2051 ± 780 2072 ± 102 65 ± 3.4 
8:2 PCL-PGC 500 807 120 ± 40 181 ± 23 739 ± 94 338 ± 30 777 ± 28 20 ± 1.5 
7:3 PCL-PGC 500 1208 40±40 - 384 ± 13 269 ± 34 505 ± 21 12 ± 1 
I 
Figure 39 graphically compares the performance of each metric as an indicator of 
change in translocation time due to the nanofiber mesh. All methods show a consistent 
trend of long translocation times for meshes of intermediate hydrophobicity, however 
only the exponential tail fit is able to capture both a population of extremely long events 
along with a population of shorter events which do not appear to interact with the mesh. 
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Figure 39: Graphic comparison of methods for calculating translocation time 
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Summary of metrics for characterizing translocation time, applied to bare pores and all 
coatings for 300 mV and 500 mV, 1000 bp DNA (data shown in Table 6) . a) Characteristic 
translocation time T (Method II). b) Most probable translocation times, tp_linear and tp_Iog 
(Methods I and III). c) Mean translocation time tmean (Method IV). d) % of events over 1 ms 
(Method V). Modified from Squires et al. , JACS 2013 . 
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These results indicate a common pattern of maximum translocation retardation for 
NFMs with intermediate hydrophobicity. 
Slowing long DNA with an NP-NFM 
Finally, we collected translocation events using the 7:3 PCL:PGC-Cl8 copolymer 
blend NFM, at 500 mV, for five different dsDNA lengths ranging from 0.5 kbp to 20 kbp 
to determine if longer biopolymers interacted more strongly with the NFM than shorter 
biopolymers. One might expect that the number of contact points between the mesh and 
DNA would increase with biopolymer length affording a more stable overall interaction. 
To maintain consistency across the samples, all measurements were performed 
sequentially in a single 6 nm diameter pore (with the same NFM coating), where some 
data sets were collected twice at different time points to ensure reproducibility. The 
characteristic ion current level and dwell time of each event was extracted and plotted on 
an 'event diagram' (Figure 40). Events that displayed a folded DNA translocation 
pattem49 were excluded in the analysis to simplify interpretation of the results. 100 
All DNA samples used in this study were double stranded DNA fragment length 
standards purchased from ThermoScientific (NoLimits 1000, 500, 5000, 10000, 20000 
bp). DNA was stored in 50 mM KC1 + TE buffer until use. 
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Figure 40: Event diagram for translocations of0.5-20 kbp DNA 
a) Event diagram for five lengths of dsDNA (0.5, 1, 5, 10, and 20 kbp) translocating through a 
6 nm nanopore coated with 7:3 PCL:PGC-C18. Ibis normalized for clarity. b) Characteristic 
translocation time -r for each DNA length (error bar: -r ± 95% fit confidence interval). Dotted 
line is a guide to the eye. Modified from Squires et al., JACS 2013. 
Figure 5 shows a clear pattern of longer translocation times with larger DNA 
molecules. While we did not make an attempt to discriminate collision events (fast events 
that involve unsuccessful threading of the DNA into the pore) from true trans locations, 
the overall trend of the translocation time is clear and consistent for all lengths. As 
before, we numerically characterized the translocation dwell-time distributions using 
exponential tail fits. These results are shown in Figure 40b ), indicating mean 
translocation speeds of roughly 0.4-0.7 f.lS/base, which is 20-35x slower than for an 
uncoated pore under the same conditions (see Figure 41). A monotonic growth in the 
characteristic translocation time as a function oflength is observed for DNA in the 
presence of the NFM coating. 
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Figure 41: Translocations of 1-20 kbp DNA in a bare nanopore 
a) Event diagram for translocation of 1 kbp, 5 kbp, and 10 kbp DNA in a bare 6 nm diameter 
nanopore at 500 mV. b) relative '"C for 1, 5, and 10 kbp in the 7:3 PCL:PGC-C18 coated 
nanopore (Figure 40), normalized by this bare pore data. Although a slight increase in this 
retardation factor is observed with increasing length, there is little or no increase within the fit 
error (error bars for 1 kbp are smaller than marker). Modified from Squires et al., JACS 2013. 
We also observed that in the range from 1 kbp to 10 kbp, the slowing factor 
relative to a bare pore increased slightly (from 20x to 35x, see Figure 41b). While this is 
consistent with our original hypothesis, the trend of increased slowing for longer DNA 
was far less pronounced than expected, and barely significant given the associated fit 
error. Although this observation partly contradicts our a priori expectation that the 
longest DNA would be slowed much more than shorter DNA, there are still a number of 
possible explanations for this behavior. First, some of the events in the 20 kbp sample 
and even the 10 kbp sample exceeded the acquisition capability of our experimental 
system (~250 ms); thus the overall tail fit may reflect shorter timescales than expected. 
Second, a fully stretched 20 kbp DNA may extend beyond the width (even locally) of the 
NFM fibers used in this experiment. It is thus reasonable to predict that the retardation 
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factor may stay constant or even become smaller for very long DNAs. Nevertheless, a 
clear relationship exists between the characteristic translocation times and DNA length. 
Discussion 
The variation of relative r with mesh composition suggests that the trans locating 
DNA interacts with the NFM as it approaches and threads through the NP, and that the 
strength of these interactions changes with mesh chemical composition. Moreover, the 
fact that the values obtained for t1 are close to the bare pore translocation times suggests 
that only a fraction of the DNA molecules interact with the NFM. This observation is 
consistent with the presence of very sparse NFMs. 
The interactions of strong polyelectrolytes, such as DNA, with dielectric surfaces 
are governed by a complex interplay between electrostatic and hydrophobic forces, which 
depend not only upon chemical composition, but also on the material's structure, texture, 
and other steric considerations. 18 The most hydrophobic NFMs produce relatively small 
retardation effects, while the set ofNFMs characterized by intermediate hydrophobicity 
levels creates maximum drag on the DNA. To account for this complex behavior, a 
detailed model describing the DNA-NFM interactions must be developed. Yet, from a 
practical standpoint this interplay provides flexibility in tuning the material properties of 
theNFMs. 
In summary, the effect ofNFM coatings on dsDNA translocation dynamics in 
solid-state NPs is reported. The NFMs increase DNA translocation time by up to two 
orders of magnitude or more without altering the ion current levels. This effect is 
104 
sustained for DNA, up to 20 kbp in length, enabling greater temporal resolution for the 
longest strands of DNA. NFM composition, as characterized by hydrophobicity, affects 
translocation times. This observation is consistent with our view that at an intermediate 
hydrophobicity the DNA interacts strongly with the NFM, the disruption of which is 
facilitated by the electrophoretic forces applied on the DNA. The process of 
electrospinning a NFM coating onto a NP is facile, high-throughput, parallel, and 
compatible for use with a number of chemically diverse polymers. Thus, this method and 
the resulting device compositions can be readily adjusted for many DNA sensing 
applications benefiting from control over biopolymer translocation rates. Future work 
will focus on these and other NFMs to create a NP-based class ofbiosensors with a broad 
range of customizable translocation properties. 
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Chapter 4: Protein+DNA Detection Using a Nanopore 
We demonstrate here that single transcription fingers bound to DNA may 
be detected using a nanopore with improved sensing resolution. We have 
selected zif268, a prototypical zinc finger DNA-binding protein, as a 
model system for this study. Zif268 is the DNA-binding domain of the 
transcription factor Early Growth Response 1 (EGRJ), a TF with 
implications for cellular processes such as mitogenesis and 
differentiation, diseases including Alzheimer 's and other 
neurodegenerative diseases, and tumor suppression in certain cancers. We 
describe two possible sensing modalities for the nanopore, one where the 
protein is removed by the nanopore (nanopore force spectroscopy) and 
one where the DNA-protein complex passes through the nanopore 
(nanopore binding site mapping). While we find that it is possible to 
distinguish populations of bound DNA-protein using a non-thinned 
nanopore, the thinned nanopores discussed in Chapter 2 provide far better 
resolution. We detect and characterize instances of both sensing 
modalities in the nanopore, and demonstrate that the nanopore can 
provide rich information about DNA-protein interactions complementary 
to that obtained by other techniques. 
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Possible modes ofnanopore detection for protein-DNA complexes 
The ionic current signal we expect to see due to a DNA-protein complex passing 
through the nanopore depends entirely on how the complex interacts with the nanopore. 
If the pore is not large enough to accommodate the protein-DNA complex, the protein 
will be removed as the DNA passes through the nanopore. If the pore is larger than the 
complex, the bulky site of the complex relative to bare DNA should create additional 
blockage of the ionic current. We expect to see one or both of these signal types, 
depending upon the size of the nanopore selected relative to the size of the DNA-protein 
complex under investigation. 
When the nanopore cannot accommodate the protein-DNA complex, the protein 
must be removed as depicted in Figure 42: Nanopore force spectroscopy. In this mode of 
detection, a small nanopore (2-4 nm in diameter) is large enough to accommodate a 
single strand of the nucleic acid, but too small to accommodate the protein-nucleic acid 
complex. It is important to note that this could be achieved either by selecting a pore size 
that is smaller than the protein-nucleic acid complex or by ensuring that the complex is 
too bulky to pass through a pore of the desired size (achieved by attaching a bulky, inert 
protein tag to the nucleic acid-binding protein of interest) . 
107 
Figure 42: Nanopore force spectroscopy 
Sequential frames illustrating a) capture of a bare end of DNA into a nanopore, b) the bulky 
DNA-protein complex becoming lodged in the mouth of the nanopore, c) eventual progression 
of the DNA through the nanopore while the protein remains trapped, and d) full translocation 
of the DNA through the nanopore, permitting the protein to diffuse away from the mouth of 
the nanopore. Frames e-h) depict simulated traces of the resulting ion current (blue = 
unfiltered, red = filtered) through the nanopore. First the characteristic blockage for bare 
dsDNA is observed in e), then a deeper blockage is caused by the entrance of the protein into 
the mouth of the pore in f). In g, the pore remains blocked at an unknown level, presumably 
different from that of bare DNA, and frnally in h) the current returns to its open-pore state. 
As with the translocation ofbare DNA, an applied electric potential draws one 
end of the DNA to and through the nanopore in a linear fashion (Figure 42a). The 
presence of the bare DNA in the pore should decrease conductance by an amount similar 
to that typically observed for DNA translocation, as depicted in the simulated current 
trace (Figure 42e). When the site of the transcription factor-DNA complex reaches the 
mouth of the pore, it will be geometrically prevented from passing through - but the 
electric field within the pore will continue to exert force on the DNA. Thus the 
translocation of the DNA through the nanopore will be temporarily halted and the site of 
the complex held fast in the mouth of the pore, as shown in Figure 42b). Its presence 
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there should further decrease the conductance of the nanopore, resulting in the secondary 
drop in current observed in the simulated trace (Figure 42f). If enough voltage is applied, 
the force on the DNA-TF complex should be sufficient to eventually cause the TF to 
dissociate from its preferred binding site, allowing the DNA to pass through the nanopore 
as shown in Figure 42c). Once the DNA has exited the nanopore completely (Figure 
42d), the pore current will return to its unblocked state (Figure 42h) and the protein will 
diffuse away from the pore. 
Whether the protein remains trapped in the entrance to the pore as the remainder 
ofthe DNA slides through, as depicted here in Figure 42c) will be discussed further in 
the context of our experimental results. If the protein slides along the DNA, then 
nanopore force spectroscopy could also enable direct detection of non-specific TF-DNA 
binding. This would provide a tool to examine the affmity of a TF for DNA and 
unraveling the question of how transcription factors locate their target sites. 
In the case of a nanopore large enough to accommodate the passage of the DNA-
protein complex, we expect to see a transient blockade below the bare DNA blockade 
level that marks the passage of the complex, as depicted in Figure 43: Nanopore binding 
site mapping. Here, the nanopore is large enough to accommodate both bare dsDNA and 
also the bulkier TF-DNA complex. 
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Figure 43: Nanopore binding site mapping 
Sequential frames illustrating a) capture of a bare end of DNA into a nanopore, b) a DNA-
protein complex in mid-translocation through the narrowest constriction of the nanopore, c) 
translocation of the bare DNA following the passage of the TF -DNA complex, and d) full 
translocation of the DNA through the nanopore, with the transcription factor remaining in its 
bound state. Frames e-h) depict simulated traces of the resulting ion current (blue = 
unfiltered, red = filtered) through the nanopore. First, the characteristic blockage for bare 
dsDNA is observed in e), then a deeper blockage is caused by the entrance of the protein into 
the mouth of the pore in f). In g, the pore opens back up to the blockage level associated with 
bare DNA, and fmally in h) the current returns to its open-pore state. 
An applied voltage draws one end ofbare DNA through the nanopore (Figure 
43a), creating the typical drop in conductance shown in Figure 43e). When the TF-DNA 
complex passes through the narrowest constriction of the nanopore (Figure 43b), its 
larger size relative to the bare DNA physically excludes more ions from passing through 
and changes the local electrophoretic ion mobility, causing a corresponding secondary 
drop in the conductance as shown in Figure 43f). After the TF-DNA complex has passed 
through the pore but before the DNA has finished translocating (Figure 43c ), the pore 
conductance returns to the level expected for bare DNA (Figure 43g). Finally, the DNA 
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exits the pore altogether (Figure 43d) and the nanopore current returns to its unblocked 
state, as shown in Figure 43h). 
At the simplest level, detection of secondary drops in current or "blips" as shown 
here can be used to verify the presence of the transcription factor-DNA complex. On the 
local scale, this could be used to quantify TF binding affinity for DNA (simply by 
determining the percent of events observed with binding) under a variety of conditions or 
for different mutations. If a statistical correlation can be established between 
translocation time before and after a "blip" with the location of a transcription factor ' s 
binding site along the length of DNA, then this mode of detection could also be used to 
discover and map the locations of individual transcription factor binding sites along 
DNA. 
Previous reports of protein-DNA complexes in nanopores 
The frrst investigation of DNA-protein complexes in nanopores was reported by 
Hornblower and coworkers, and compared blockage signatures in a-hemolysin of single-
stranded biotinylated DNA bound to streptavidin (permitted capture but not translocation; 
had to be cleared with voltage) to the blockage signatures ofExonuclease I bound to 
single stranded DNA (created a new population of events with slightly deeper blockage 
level and longer blockage time due to dissociation of the complex at the pore). They 
termed this mode of detection "Nanopore Force Spectroscopy" (NFS). 11 8 This inspired 
many others to use processive enzymes to control DNA translocation in a 
nanopore,54•104•11 9•120 Benner et al. utilized the Klenow fragment (KF) to distinguish 
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blocked current states for unbound ssDNA, ssDNA bound to KF, and ssDNA bound to 
KF with a deoxynucleotide triphosphate present, 121 and Hurt et al. extended this work to 
characterize the complex dwell time as a function of dNTP concentration. 122 Mitchell and 
Howorka created peptide-modified DNA strands whose increased bulk was both 
detectable in an a-hemolysin pore and produced a current signature specific to the peptide 
tag. 123 Wilson and co-workers used ssDNA with dsDNA on each end to trap a single 
molecule in the pore and "floss" it back and forth while observing binding and unbinding 
ofKF. 124 While the point of most of these efforts was the pursuit of a controlled 
ratcheting mechanism to permit strand sequencing in a nanopore, and furthermore in all 
cases the sensing modality was NFS, these studies nevertheless were among the first to 
observe changes in blockade duration and level due to protein-DNA interactions. 
Smeets et al. first observed actual translocation of DNA bound with proteins in 
solid-state nanopores, reporting clear current blockage differences for RecA-coated DNA 
molecules (d = 7-7.5 nm) as compared to bare A.-DNA in 25-35 nm diameter pores. 125 His 
colleague, A. Hall, further elucidated the forces on this structure using optical 
tweezers. 126 A follow-up paper by Kowalczyk et al. additionally characterized 
"patchiness" of the RecA coating for lower protein concentrations.62 In parallel, Wanunu 
et al. reported changes in blocked current level for intercalating dyes on DNA in small 
nanopores (~3 nm). 127 Wanunu et al. reported translocations ofmiRNA enriched with 
p19, a 19 kDa protein which selectively binds 21-23 bp siRNA based on size rather than 
sequence. 82 
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Sischka et al. reported similar experiments to the RecA binding studies described 
above, but used optical tweezers and 2-CysPrx, which binds non-specifically to DNA, 
and observed abrupt steps during dynamic pulling as the protein complex hopped 
between two local minimum energy states on either side of the nanopore. 128 Similar OT 
results were observed for single proteins with EcoRI and RecA. 129 Recently Ventkatesan 
et al. have reported a multilayered Ah03-graphene nanopore sensor for detection of 
RecA-coated DNA. 130 
Within the last eighteen months, two more relevant reports of single large proteins 
bound to DNA have emerged: Raillon et al. have reported translocations of RNA 
polymerase (RNAP) bound to DNA in a large nanopore (20 nm), and observed at least 
four major blockage levels, which they attributed to translocation ofRNAP-DNA in 
different orientation and with different subunits.72 Shim et al. used a his-tagged single 
DNA binding domain of the protein MBD1 to detect methylated DNA by observing 
deeper and longer current blockages in 10 nm diameter pores for 827 bp methylated DNA 
(36 sites) as compared to unmethylated DNA, to which MBD1x was exposed in varying 
ratios. They found that they could distinguish differences in current and time blockage 
levels down to a binding ratio of 1:1 MBD1x:DNA (or 1 protein for ~40 binding sites).68 
Another similar example of fine structure analysis, though not related to protein-DNA 
interaction, was performed by Singer et al., who tagged dsDNA with site-specific PNA 
probes that locally increased the analyte diameter and introduced kinks into the DNA. 
These researchers were able to distinguish transient characteristic blockades 
corresponding to the locations of the PNA along DNA in a "DNA barcoding" scheme.5 
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Nanopores have been established for many years as a tool to discriminate changes 
in structure or charge of single molecule analytes, yet to date translocations of 
transcription factors bound to DNA in small nanopores have not been characterized or 
even reported. As will be discussed later in this chapter, this is probably related to the 
level of sensitivity required to resolve passage of small TFs through the nanopore, or to 
distinguish between specific and non-specific binding of proteins to DNA. While none of 
the studies outlined above characterizes specific and non-specific binding such as we 
hope to observe for the small zi£268, they are excellent examples of using translocation 
event fine structure to distinguish different conformations or states ofDNA-protein (or 
PNA) complexes. 
Approach and goal 
To demonstrate the feasibility of using nanopores in each of these two sensing 
modalities for detection of DNA-protein complexes, we examine a model zinc finger 
transcription factor binding domain, zi£268. We first express and purify this protein and 
verify that it specifically binds to DNA sequences containing its consensus binding site, 
both under binding conditions established by previous studies, and also under the 
conditions required for nanopore sensing. Next, we examine translocations of the bound 
complex in a non-thinned nanopore, as compared to bare DNA. While we observe 
population shifts in time and current blockage that indicate the presence of the bound 
complex, we conclude that higher resolution is required to distinguish the fine structure 
indicating different sensing modalities within an individual translocation event. We find 
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that thinned nanopores provide the required resolution to distinguish distinct features 
associated with removing non-specifically bound protein and translocation of the bound 
complex. 
Expression and purification of zij268 
Our zi£268 (courtesy of Scot Wolfe, University ofMassachusetts Medical School) 
is cloned into a pGex2t plasmid (GE Healthcare Life Sciences) directly following a 
glutathione S-transferase (GST) tag and thrombin cleavage site for simplified 
purification. Because of its bulk, the GST tag must be cleaved off to allow translocation 
of the DNA-bound complex in a 4-5nm pore, but is beneficial when the desired outcome 
is removal of the protein by the nanopore. 
Fused zi£268 _ GST is expressed in BL21 competent cells grown in 2x YT media 
with ampicillin at 37°C, induced with IPTG. Cells are harvested and lysed in a buffer 
containing glycerol, ~-mercaptoethanol, nucleases and protease inhibitor but no EDTA. 
The lysate is incubated at 4°C with glutathione sepharose fast-flow resin (GE Healthcare) 
and washed on a gravity-flow column. The wash buffer contains lxPBS with 20% 
glycerol, 160 mM additional KCl (total ionic strength ~300mM, similar to nanopore 
conditions) and lmM ~ME. 
The fused zi£268 _ GST product was eluted at this point using excess glutathione in 
a buffer containing glycerol, J3ME, and 200mM KCl. Figure 44 shows a Coomassie-
stained denaturing gel (SDS-PAGE) of the elutions for the most recent batch of this 
product. The fused zi£268 _ GST was also analyzed against a protein size standard using a 
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BioRad Pro260 system to determine yield (30 mg, stock 100 !lM) and purity (~90%). The 
product has a total molecular weight of 37 kDa (27 kDa for GST, 10 kDa for zif268). 
Figure 44: SDS-PAGE of zif268 _ GST purified protein 
SDS-PAGE with coomassie stain. Lane 1: An old 
batch of zif268. Lane 2: Elution 1 of a new batch. 
Lane 3: Elution 2 Lane 4: Elution 3 Lane 5: Elution 
4 . Very pure protein obtained after purification; ~ 100 
flill, 3 mL zif268 _ GST 
To obtain cleaved zif268 for nanopore binding site mapping, bovine thrombin 
(Sigma) was added on-column to a separate expression batch and left to cleave overnight 
at room temperature. Purified zif268 was eluted and cleavage halted using PMSF. Figure 
45 shows a Coomassie-stained denaturing gel (SDS-PAGE) of the elutions for the most 
recent batch of this product. The cleaved product was also analyzed against a protein size 
standard using a BioRad Pro260 system to determine yield (20 mg, stock 50 !lM) and 
purity (~85%) . The primary source of impurities is the lighter weight band, which we 
116 
believe to be single zinc finger products. Note that the expected cleaved product has a 
total molecular weight of 10 kDa. 
Figure 45: SDS-PAGE of zif268_GST purified 
protein 
SDS-PAGE with coomassie stain. Lane 1: Old batch 
Zif268. Lane 2: Elution 1, Lane 3: Elution 2 Lane 
4: Elution 3 Lane 5: Elution 4. Pure protein 
obtained after purification; ~ 100 Jlm, 3 mL 
zif268 GST 
Stock for both fused zif268 _ GST and cleaved zif268 was aliquoted and stored in 
20% glycerol at -80°C. 
Target DNA sample design 
The consensus binding site for zif268 to DNA is 5'- GCGG/TGGGCG- 3'. 131 
Binding was first demonstrated under conditions similar to previous studies 132•133 for 
short dsDNA oligomers. Then binding to longer DNA for nanopore experiments was 
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verified. Finally, binding conditions were altered to be more suitable for nanopore 
detection. All samples used in this study are shown in Figure 46: 
a) 5' CAGGCGTGGGCGCTGCAGGCGTGGGCGCC 3' 
3' CATGGTCCGCACCCGCGACGTCCGCACCCGCGGAGCT 5' 
~33 bp positive control (Gei_Shift_Pos), 2 binding sites 
5' CAGTATGCAAATGACTGCAGTATGCAAATGACC 3' 
3' CATGGTCATACGTlTACTGACGTCATACGTlTACTGGAGCT 5' 
~37 bp negative control (GSneg), 0 binding sites 
b) 
c) 
7 
5' AGTCTG I I~CGCTGGCCTCTGCGTGGGCGAATTCGCATGCGCAACCCCAC 3 
3' TCAGACAATGCGACCGGAGACGCACCCGCTTAAGCGTACGCGTTGGGGTG 5' 
50 bp positive control (50_bp_A647), 1 binding site 
(+)Control (960bp) 
1 Primary Binding Site 
From genomic DNA 
and M 13K07 (centered) 
(-)Control (960bp) 
No Binding Sites 
From A.-DNA 
Figure 46: DNA samples for zif268 binding studies 
a) Design of DNA oligomers to test binding of zif268 and zif268 _ GST to the consensus 
sequence. b) An Atto-647-labeled 50 bp oligo containing one binding site. c) Design of ~lOOObp 
DNA sequences amplified from genomic, plasmid, and A-phage DNA with and without the 
consensus binding sequence. 
To demonstrate specific binding ofboth zif268_GST and the zif268, dsDNA 
oligomers were designed both with and without this binding site. The ~35 bp oligos in 
Figure 46a) were used for initial EMSAs to verify binding. Potential binding sites are 
defined by a maximum variation of two substitutions, deletions, or insertions as 
compared to the consensus binding site. 
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Longer DNA samples are necessary for use in nanopores. 1000 bp samples 
containing a single perfect match binding site, approximately centered, were PCR-
amplified from both human genomic DNA and from a commercially available plasmid 
(M13K07). Two 1000 bp negative controls without this binding site, as defmed by a 
maximum variation of two substitutions, deletions, or insertions as compared to the 
consensus binding site, were also PCR-amplified from A.-DNA. 
Details for gel shift oligos along with PCR primer sequences and amplified 
sequence details are available in Appendix 3. 
Electrophoretic mobility shift assay detection ofzij268-DNA complex 
All binding reactions were performed on ice with a minimum of one hour of 
incubation time. The original binding buffer (selected to optimize protein binding) 
contains 200 mM KCl (required for nanopore measurements), 5mM MgCb, lOOJ.!M 
ZnCb, 10mM Tris-HCl, 10% glycerol w/v, and 1mM ~ME. This was based on the 
binding conditions described in previous studies of zif268, 134 and tested and slightly 
modified for compatibility with our nanopore sensor. 
EMSAs for oligo substrates were performed using 8% PAGE in non-denaturing 
conditions, and EMSAs for lOOObp substrates were performed using 3.5% PAGE in non-
denaturing conditions. Gels were visualized using either a fluorescent Atto-647 tag (50 
bp oligo with one binding site, used for high salt EMS As), or with SYBR Green I (all 
other samples), and were scanned with a BioRad gel scanner. 
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We first verified that both the fused zif268 _ GST and the cleaved zif268 proteins 
bound specifically to their target site using ~35 bp oligomers (Gel_Shift_Pos and 
Gel_Shift_Neg). Gel_Shift_Pos contains two binding sites separated by 6 bp, while 
Gel_ Shift_ Neg contains none. The EMSA for these binding reactions is detailed in 
Figure 47. 
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Figure 47: EMSA for zif268 and zif268_GST binding to DNA oligos 
2x bound zif268_GST 
1 x bound zif268_GST 
2x bound zif268 
lx bound zif268 
(-)oligo only 
(+)oligo only 
Both zif268 _ GST and zif268 show specific binding to the oligo containing the 
consensus binding site, but do not appear to bind to the negative control which does not 
contain the consensus binding site. Increased protein:DNA ratio increases the amount of 
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bound complex. In addition to the strong primary band binding observed for 1 :250 
DNA:protein, at least one more band of higher molecular weight is visible in all bound 
lanes, indicating that both version of the protein are binding to both potential binding 
sites. Note that the gel shift for bound zif268 _ GST is significantly larger than that for 
zif268 because of the large difference in protein molecular weight (3 7 vs. 10 kDa, 
respectively). 
While the gel shift caused by zif268 and zif268 _ GST binding is readily apparent 
for small oligos, the shift is comparatively much smaller for binding to larger DNA. 
Figure 48 shows the gel shift for 1000 bp DNA with and without the consensus sequence 
for both proteins. 
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Figure 48: EMSA for zif268 and zif268_GST binding to 1000 bp DNA for nanopore 
A clear mobility shift is visible for zif268 _ GST in Figure 48. We observe roughly 
50% binding at a ratio of 1:250 (+)DNA:zif268_GST, which is consistent with affinity 
levels observed by Elrod-Erickson and Pabo in their 1999 binding study 135• However, 
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there is no visible shift for the cleaved zif268. This is likely due to a combination of its 
low molecular weight (2% of the DNA molecular weight) and low profile binding site in 
the major groove of DNA. 132 
Since the GST-tagged protein produces a clear shift, and both proteins were 
previously shown to exhibit similar binding affmity in shorter DNA, we assume that the 
zif268 also binds here. In subsequent EMS As we infer binding of the smaller zif268 to 
long DNA by combining data from short oligo binding EMSAs using zif268 with long 
DNA binding EMSAs for the GST tagged version. This is confirmed by data obtained in 
a nanopore for the zif268-1 OOObp complex, to be discussed later in this chapter. 
For solid-state nanopore experiments it is preferable to work with high salt ( ~ 1 M 
KCl) buffers in the interest of both signal-to-background ratio and pore current stability. 
We therefore checked the binding affinity of zif268 for its consensus binding sequence at 
high salt concentrations up to 1 M KCL Figure 49 shows a clear mobility shift indicating 
binding ofzif268 to the 50 bp fluorescently labeled oligo (single binding site) described 
above, even at salt concentrations up to 1 M KCL 
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Figure 49: EMSA with salt gradient up to 1 M KCl for zif268-DNA binding 
In both cases, the rightmost lane (lane 10) is of most interest because it represents the 
DNA:protein ratio used for binding in the nanopore. "E5" is the fused protein complex, and 
both NewPCR and OldPCR represent the same 960bp sequence amplified from human 
genomic DNA (1 potential binding site). 
We also created a binding curve for zif268 and the same 50 bp Atto-647-labeled 
DNA at 1M KCl to determine what minimum working concentration could be used in a 
nanopore while still binding most of the DNA. From Figure 50 we see that no significant 
improvement to binding is gained above a binding ratio of 1:100 DNA:protein. 
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Figure 50: EMSA to detect binding of zif268/GST to DNA oligos. 
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1xzif268 
bare DNA 
Finally, we verified that zif268 _ GST, and therefore zif268, would bind 
specifically to the 1000 bp DNA samples required for nanopore experiments. Figure 51 
shows good binding of the protein to DNA at a 1:200 DNA:protein ratio for the positive 
control (PCR from M13K07) and no detectable binding to either negative control DNA 
sample. 
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Figure 51: EMSA for zif268 _ GST binding to nanopore samples 
Binding conditions and protein do not affect the nanopore 
Establishing a range ofzif268:DNA ratios and appropriate environmental 
conditions for in vitro binding was done in parallel with nanopore control experiments to 
ascertain that biologically necessary binding conditions do not adversely affect nanopore 
detection. The binding buffer described in the previous section was developed by trial 
and error for both nanopores and binding reactions until a mutually agreeable 
composition was reached. 
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In some cases, specific chemicals were problematic. For example, although DTT 
is more effective than ~ME as a reducing agent to prevent aggregation of bound 
complexes, even 1~-tM DTT will destabilize and eventually block a small nanopore. 
~ME, however, proved to be an effective and harmless substitute for DTT in both the 
binding reaction and the nanopore. 
Figure 52 illustrates that neither the proteins nor buffer used for binding interfere 
with normal operation of a small ( ~4 nm) nanopore sensor. First, a standard 1 M KCl and 
1 OmM Tris buffer was applied to both the cis and trans sides of the pore to establish a 
clean reference current. Then, the buffer in the cis chamber was replaced with binding 
buffer- maintaining the salt level of 1 M KCl, but adding 10% glycerol, and small 
amounts ofMgCh, ZnCh, and ~ME, containing 10 nM DNA. The pore is not blocked by 
the new buffer, and the DNA trans locations appear to be of normal duration and blockage 
level. The pore is rinsed several times with binding buffer to illustrate that the DNA can 
be removed by dilution, and then a moderate concentration (1 0 nm concentration) of 
fused zif268 _ GST protein is introduced into the cis chamber. As expected, the positively 
charged fused protein (isoelectric point= 8.7) does not cause transient current blockades 
for a positive electrical bias relative to cis. However, a negative bias (red) does induce 
protein translocations, consistent with the protein's presumed net positive charge. 
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Figure 52: Nanopore compatibility with zif268 and binding conditions 
20 
zif268 
-300 mV 
25 
Sample cunent traces for varying conditions in the cis chamber for a - 4nm pore. The DNA 
sample used is lOOObp NoLimits DNA (Fermentas) and the protein sample is the fused 
zif268/GST. 
Translocations of DNA+ zij268_GST 
Initial detection of the DNA-protein complex was performed with a non-thinned 4 
nm diameter nanopore (30 nm membrane height) and GST -tagged zif268 _ GST bound to 
1000 bp DNA. For these experimental parameters, translocations ofDNA+zif268_ GST 
complexes produced longer and deeper events than bare DNA. Classification of these 
events based on their fine structure revealed two clear blockade levels for nearly 50% of 
all DNA+zif268_GST translocations, as compared to less than 1.5% ofDNA-only 
translocations. The deeper ofthe two levels observed for DNA+zif268_GST typically 
followed the shallower level, and the shallower blocked current level corresponded to the 
blockage level for more than 98% of DNA-only translocations. We propose that this 
indicates DNA-protein sensing by removal of the bulky protein from the DNA per the 
force spectroscopy sensing modality described earlier in this chapter. 
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Rather than use a very small pore ( ~3nm, difficult to work with for non-thinned 
nanopores 136) to perform nanopore force spectroscopy on a small zif268+DNA complex, 
we left the GST tag fused to the zif268 in its zif268 _ GST form. This creates a bulky 
"handle" on the protein-DNA complex that should prevent translocation through more 
reasonably sized nanopores ( 4-6 nm). The minimum estimated combined diameter for a 
DNA+zif268_GST complex is ~6nm. 
Figure 53 shows an event diagram for translocations of DNA and 
DNA+zif268_GST through a 4 nm nanopore with height 30 nm (herr= 20 nm). This 
experiment was performed in 1M: 1M KCl buffer, pH 7.5. The applied bias is 300 mV 
relative to the cis electrode, generating an open pore current of 3 nA. From this scatter 
plot it is clear that events with bound protein are generally longer and deeper than events 
for bare DNA. The sample events shown in the inset exhibit different fine structures: the 
bare DNA blocks the nanopore at one level, while the DNA +zif268 _ GST events show 
two blockage levels. 
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Figure 53: Event diagram for translocations of DNA and DNA+zif268_GST 
The overall population shifts in both IB and tT are characterized in Figure 54. 
Panel a) shows Gaussian fits to the overall JB for each data set. The IB distribution for the 
DNA +zif268 _ GST complex is both broader and deeper than that for bare DNA. IB for 
each event is defined as the mean blocked current value over the entire duration of the 
event, and therefore tends to obscure the effects of any fine structure of sublevels within 
the event. 
Figure 54b) shows the exponential decay tail fits to translocation time histograms 
for bare DNA as compared to the complex. Note that the bound complex requires two 
terms for an accurate fit, and that the shorter of these two characteristic timescales is 
similar to the timescale observed for bare DNA. This suggests that some events within 
the population may be bare DNA, or at least translocations that are unhindered by any 
protein that might be bound. 
128 
a) 0.5 
0.4 
"C 
Ql 
-~ 
i6 0.3 E 
0 
r::: 
"' 0.2 ... r::: 
::J 
0 
v 
0.1 
0 
0 
DNA 1. = 0.69 
P+DNA I• = 0.63 
D J 
0.2 0.4 0.6 
I block / I open 
~ 
0.8 
b) 
0.3 
] 
-;;; 
~ 0.2 
r::: 
"' c
5 
v 0.1 
- t - t 
y=Ae'. +BeT. 
c=J DNA + llf260_ GST 
- ONAooly 
- Exponenti>ldoayftt, ONA+zll268 
- Exponontj.lldoayfit, ONAonly 
'[DilA= 37 +1- 2 us 
'[DilA = 31 +/-2 us 
l:rin6S_G>H DIU.= 685 +/- 70 US ~~ oWUWD~~~~--~-=----------~ 
0 100 200 300 400 500 600 700 800 900 1000 
Translocation time tT, In us 
Figure 54: 18 and tT for translocations of DNA and DNA+zif268_ GST, with fits 
We categorize all events for both DNA and DNA +zif268 _ GST translocations 
according to their fine structure to further elucidate the differences observed for these two 
populations. Events are categorized into one of three types, for which sample simulated 
translocations are shown in Figure 55: 
Type 1: A only Type2: ABA Type3: AB 
--~- -~- -'1---F -~ --~ --
-~=~ =--=~==-=~==--
Figure 55: Categorization of events according to fine structure 
Open 
A 
B 
Type A events have only one discernible current blockage level. Type ABA 
events begin at one blocked current level, temporarily block to a deeper level, then return 
to the original blocked level before unblocking completely. Type AB events block to one 
current level, then block to a deeper level before unblocking completely. These event 
types correspond to the expected blockage patterns for bare DNA, translocation of a 
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protein-DNA complex through the nanopore, and removal of a protein from DNA by the 
nanopore, respectively. Events that did not display one of these three fine structure types 
were classified as "multi-level". Note that for this analysis the absolute blockage levels 
were not used to categorize events; a Type A event could have any blockage level as long 
as only one level was displayed, and so forth. 
Table 7: Relative frequencies of event blockage types for DNA+zif268 GST translocations. 
Analyte Type A Type ABA TypeAB Other Total Events 
DNA 2248 3 9 18 2278 (94.7%) (0.1%) (0.4%) (0.8%) 
DNA+zif268 GST 332 * 40 192 59 623 (53.3%) (6.4%) (30.8%) (9.5%) 
* Some of these events showed only a lower blockage level, similar to "B" for other event types 
Categorization of these events reveals that very few of the events for bare DNA 
show any fine structure of different levels. The bound complex, on the other hand, has a 
large percentage of events (31%) that are classified as Type AB. This is the type of event 
that we expect to see if a protein is removed from the DNA by the nanopore; the leading 
end of the DNA blocks the nanopore, but when the bound complex reaches the pore, it 
cannot co-translocate. The protein will-remain at the mouth of the nanopore until it is no 
longer bound to the DNA, either because the DNA has continued to slide through the 
nanopore as the protein is held in place, or because the force applied by the nanopore 
causes the protein to unbind and permits the DNA to finish its translocation of the pore. 
In combination with the known pore diameter and the larger predicted diameter of the 
DNA-protein complex, the deeper blockage we see at the end of many events strongly 
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suggests that we are primarily observing the nanopore force spectroscopy sensing 
modality. 
We further characterized these blockage levels by splitting the events into their 
component parts and measuring each blockage level separately. Figure 56 shows relative 
blockage levels for DNA only (gray), all "A" sublevels (from types A, AB, and ABA, 
shown here in blue) for the DNA+zif268_ GST complex, and all "B" sublevels (from 
types AB and ABA, shown here in red). 
0.5 
0.45 
DNA only lb = 0.69 
0.4 
0.35 DNA levellb = 0.68 
"0 
C1J 
.t:! 0.3 D+P levellb = 0.60 
(tJ 
E 
... 0.25 0 
c 
vl 
.... 
c 0.2 
::l 
0 
u 
0.15 
0.1 
0.05 
0 
0 0.2 0.4 0.6 0.8 
Relative blocked current lb = lo/lblock 
Figure 56: Blocked current separated by fine structure 
levels 
Splitting events into their component sublevels provides a clearer picture of the 
relevant blockage states of the nanopore. Whereas a population-level view of the data 
reveals only a slightly deeper and broader distribution of JB for the protein-DNA complex 
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compared to DNA alone, distinct peaks are formed by "A" and "B" type blockage levels. 
The "A" level is very similar to that for DNA only (mean relative blocked current 0.68 
vs. 0.69), while the ~ 10% deeper "B" state must be associated with the bulky 
zif268 _ GST protein. 
Resolution improvements are necessary to detect bound zij268 
Attempts to detect transient blockades or "blips" representing translocation of the 
bound complex through the nanopore without removing the protein were largely 
unsuccessful, both for larger nanopores and zif268_ GST, and for small nanopores with 
the cleaved zif268. This is unsurprising considering the geometry of these membranes: in 
Chapter 2 we showed that the effective height herr of these nanopores is 20 nm, which 
translates to 60 bp ofB-form DNA. The binding site for zif268 is just 9 bp long, so even 
for a perfectly cylindrical nanopore of height herr, a local change in diameter due to a 
bound zif268 protein would only affect 15% of the region affecting the blocked pore 
current. 
Furthermore, according to its bound crystal structure, a zif268 protein would form 
a relatively low-profile bound complex in the major groove of the DNA compared to the 
GST -tagged version used here. If indeed the observations discussed in the previous 
section represent the bulky zif268 _ GST protein sticking and subsequently being removed 
from DNA by the nanopore, one would predict that the blockage level associated with 
this process should be greater than the amount of blockage caused by a much smaller 
zif268-DNA complex passing through the nanopore. The additional blocked current 
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associated with the zif268_ GST-DNA complex as described above was just 0.3-0.4 nA, 
with background RMS noise of~ 70 pA at 50 kHz (S/B > 6). Unless the blockage level 
caused by translocation of a bound complex had very long duration compared to its 
physical relative length on the DNA, it seems highly unlikely that such a transient "blip" 
could be detected given these experimental parameters. 
While a smaller nanopore or repeated attempts might eventually yield successful 
detection of the cleaved zif268 on DNA, we opted instead to work to improve nanopore 
resolution. The locally thinned nanopores described in Chapter 2 proved to have 
sufficient resolution for detecting translocations of bound complexes without the GST tag 
and without removing most protein from the DNA. 
Translocation characteristics ofzif268 and zij268_ GST 
We found it helpful for later analyses to first characterize translocations of the 
transcription factor without DNA in thinned nanopores. Translocations of zif268 _ GST 
(MW = 37 kDa, pi= 8.6, minimum dimension ~3 . 5 nrn) and zif268 (MW = 10 kDa, pi= 
1 0.6, minimum dimension <2 nm) were collected and compared to one another and to 
translocations of the model protein avidin (MW = 67 kDa, pi~ 9.5-10, approximate 
dimensions 4 nm x 5 nm x 5.5 nm). 137•138 Avidin was selected as a model protein for 
comparison in this study because it is an easily detectable positively charged protein (at 
neutral pH) which has been characterized previously in larger (20 nrn diameter) 
nanopores drilled in 30 nrn height SiNx membranes. 139 
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All nanopores used in this study were between 4 and 5.5 run in diameter, drilled 
in locally thinned (17 run height) SiNx membranes. Samples were added to the cis 
chamber to a fmal concentration of20-80 nM in 1M KCl, pH 7.5. A -300 mV applied 
bias relative to the cis electrode was used to drive the positively charged proteins through 
the nanopore. Blockage level distributions (left) and event diagrams (right) are shown in 
Figure 57 for Avidin (black), zi£268 _ GST, and zi£268. 
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Figure 57: Translocations of Avidin, zif268_GST, and zif268 through a nanopore 
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These three proteins exhibit markedly different translocation behavior. 
Translocations of avidin occur at two distinct blockage levels, which are approximated 
from a double Gaussian fit to the current blockage histogram as 18 = 0.49 and 0.68. These 
levels are also apparent as two populations within the event diagram at right. The sharp 
cutoff observed for short, deep events is due to increased capacitance in the nanopore at 
negative applied voltages, which effectively filters out any events in this region. We 
attribute the two blockage levels observed to different orientations of avidin translocating 
through the nanopore. A similar bimodal distribution of 18 for avidin was observed by 
Firnk 1 . h . 1" 139 es et a . m t err ear 1er reports. 
Translocations ofzif268_GST exhibit only a single blockage level (Gaussian fit: 
! 8 = 0.7), and show a different population shape on the event diagram with events that are 
shorter overall than avidin translocations, but which exhibit larger spread in translocation 
time. Although counterintuitive, this observation is consistent with previous reports of 
protein translocation in nanopores. In general, previous studies have shown that the 
predicted frrst-passage time distribution (FPTD) of globular proteins within a small solid-
state nanopore is faster than the temporal resolution of currently available commercial 
amplifiers.71 •75 First passage time distributions describe the probability that a protein will 
diffuse in one dimension across the nanopore for a given electrophoretic drift velocity 
during a translocation time tT. 
Since diffusion coefficients of globular proteins may be directly correlated to 
molecular weight, 140 and because electrical force depends upon the charge of the protein, 
the FPTD of a protein depends crucially upon the charge-to-molecular weight ratio for 
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each protein. Plesa et al. generated FPTDs for proteins of varying molecular weight and 
found that while smaller proteins with higher charge-to-weight ratios should be 
transported faster through the nanopore than larger proteins, small proteins may also 
exhibit longer tails in the distributions of translocation time than large proteins due to 
their larger diffusion coefficients. 75 
The fmal set oftranslocations, which were collected for cleaved zif268, show 
shorter translocation times than either avidin or zif268 GST. This is consistent with their 
smaller molecular weight (10 kDa) and higher pi (10.5), which should create a larger 
charge-per-weight ratio. Surprisingly, these proteins also had deeper current blockage 
levels than either of the other two larger proteins. The blockage levels were fit with a 
bimodal Gaussian distribution with means at Is= 0.45 and 0.7, but many deeper events of 
varying current blockage level were also observed. These observations are particularly 
surprising in light of the structural similarities between the cleaved and GST -tagged 
versions ofzif268- one might expect that the larger GST-tagged version would have a 
larger blockage level since the only difference in structure is the addition of a bulky GST 
protein to theN-terminus of the zif268 via a flexible linker. 
Differences between trans locations for zif268 and zif268 _ GST may be the result 
of complex conformations formed by subunit interactions. The zif268 protein contains 
three separate zinc finger domains, each of which has a predicted pi above neutral: zinc 
finger 1 (residues #4-33) has pi= 8.8, zinc finger 2 (residues #34-61) has pi= 9.9, and 
zinc finger 1 (residues #62-90) has pi = 11.2. The GST tag alone, on the other hand, like 
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many transferases, 141 has a predicted acidic pi of 6.2. All pi values were predicted using 
the European Molecular Biology Open Software Suite (EMBOSS). 142 
Thus at the nanopore working pH of7.5, the three zinc finger subunits ofzif268 
are predicted to be positively charged, while the GST subunit is predicted to be slightly 
negatively charged. This might lead to electrostatic interactions of the zinc fingers with 
the GST tag, producing a more compact or globular overall configuration for 
zif268 _ GST. On the other hand, without a charged GST tag, the three zinc fingers in the 
cleaved zif268 protein might form a variety of more open conformations, which could 
explain the deep blockage levels observed for this very small protein. As will be 
discussed later in this chapter, the blockage patterns observed for these proteins also 
inform our interpretation ofDNA+zif268 complex translocations in thinned nanopores . 
Translocations ofDNA+zij268 in a thinned nanopore 
We find that the improved sensing resolution in a thinned nanopore is indeed 
sufficient to enable detection of the non-tagged zif268 bound to DNA. We present here 
analysis oftranslocations ofDNA+zif268 obtained in a small thinned nanopore, which 
may be classified into distinct categories corresponding to translocation of DNA, 
translocation of the bound DNA+zif268 complex, removal of a bound zif268 protein 
from DNA, and various superpositions thereof. 
Figure 58 shows sample translocation events for 1000 bp DNA+zif268 for a 3.5 
nm diameter thinned nanopore (17 nm membrane height) under a 300 mV applied bias 
relative to the cis chamber, which contained the analyte molecules in 1 M KCl buffer 
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with 10 mM Tris-Cl at pH 7.5. Sample events are grouped according to the most common 
patterns of fine structure ofblockage levels within the translocation as indicated. Note 
that events corresponding to other blockage patterns such as CA, BC, B, CB, ACB, ACA, 
and so forth are not observed with sufficient frequency to warrant separate categories. 
Blockage patterns which do not fit any ofthe types enumerated here are classified as 
either Type 0: Other or Type 6: Multiple "B" blockage levels. Type 6 blockage patterns 
were rarely observed (1.5%), but took on the distinct pattern [AB] 11A. 
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Figme 58: Classification of translocation blockage level fine structure patterns for 
DNA+zif268 
Types, from top to bottom: A, ABA, AC, ABAC, and C. Other level sequences were not 
observed frequently. 
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From Figure 58 it is clear that actually only three distinct levels are observed, and 
only in certain combinations. Most events display level "A" for a majority of the event 
duration, which most likely corresponds to the current blockage caused by bare DNA 
translocating through the nanopore. Some events superimpose a relatively short, deeper 
blockage level, "B". These "blips" may be associated with passage of the small, bound 
DNA+zif268 complex, which is structurally predicted to have greater blockage than 
DNA, but which should still fit through the nanopore. Other events display a deep 
blockade at the end of the event, level "C". We propose that this level corresponds to 
either translocation or removal of non-specifically bound zif268. 
Event classification by fine structure 
When we classify all events according to these blockage patterns, we observe 
relative frequencies as reported in Table 8. 
Table 8 : Relative frequency of event blockage types for DNA +zif268 translocations 
Event type Number Relative frequency 
Type A 852 60.5% 
Type ABA 338 24.1% 
TypeAC 98 7.0% 
TypeC 24 1.7% 
TypeABAC 38 2.7% 
Type [AB]nA 23 1.6% 
Other 35 2.5% 
We can split these events up by blockage level to see ifthere is a pattern to the 
time and blockage level of 1) the "blips" (level B) and 2) the "pulls" (deep blockage at 
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the end of events, level C). We can also determine if timing and depth are consistent 
across different types of events. Figure 59 shows scatter plots for the sublevels within 
each type of event. The gray scatter plot in the background of each panel is the 18 and tT 
event diagram for the entire data set, where 18 and fT are the blockage level and 
translocation time for the event taken as a whole without consideration of sublevels 
within the event. 
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Figure 59: Scatter plots for sublevels within DNA+zif268 translocations. 
105 
From Figure 59 we see that the fine structure of these translocation events reveals 
populations of sublevels that are not well characterized by the average / 8 and tT over the 
entire event. Specifically, we note that the blocked DNA current level "A", the blip level 
"B", and the deep pull at the end of events, "C" are all conserved across multiple event 
types. For example, it is clear from the scatter plot for "C" level only events (orange) that 
the timing and blockage level both correspond to the "C" part of both AC and ABAC 
events. Similarly, the "B" level for ABA events is co-located with the "B" level for 
ABAC events. This implies that each level represents a distinct and separate type of 
occurrence in the nanopore, all of which may occur independently or in combination with 
others. The best example of this phenomenon is observed for ABAC events, which 
clearly consist of an "A" event, upon which are superimposed a "B" type event and a "C" 
type event. 
Discussion 
We propose that the B level represents translocation of the bound complex. The 
short duration and extra blockade compared to bare DNA blockage level are both 
consistent with the temporary presence in the sensing volume of a locally bulky section 
ofDNA, which is precisely the description ofzif268 bound to a 9 bp region ofDNA. We 
showed previously that zif268 binds specifically to the binding site present on the 1000 
bp DNA sample used in this experiment, and the structure of the bound complex as 
determined by x-ray diffraction is known to have a slightly larger diameter than bare 
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DNA. 132•143 This also matches our predicted signal for the nanopore binding site sensing 
modality for DNA+protein complexes, described earlier in this chapter. 
The C level is somewhat trickier to identify. It could correspond to several 
different processes: a) a non-specifically bound complex translocating through the 
nanopore, b) removal of a non-specifically bound complex, c) removal of a specifically 
bound complex, d) translocation or removal of a protein or contaminant that is not zif268, 
e) an artifact ofDNA folding or other secondary structUre, or even f) co-translocation of 
either the protein or another DNA that is not bound to or interacting with the first DNA 
molecule. 
Possibilities e) and f) may be ruled out quickly: since level Cis always observed 
at the end of the event, it cannot be an entirely independent stochastic occurrence, 
otherwise we would occasionally see it occur before observing an A orB level. Since we 
do not, we conclude that the source of the deep C blockage level must be directly co-
located with the tail of the DNA as it finishes its translocation through the nanopore. 
Furthermore, the fact that we do not see the C blockage level at the beginning or in the 
middle of events indicates that it is not due to DNA folding or secondary structure, as the 
DNA conformation should be random and therefore these features would not always 
appear at the end of the event. In fact, previous work has established that folded DNA 
tends to be seen at the beginning of an event rather than in the middle or end. 144-146 In any 
case, the ~3.5 nm pore used here is not large enough to accommodate folded dsDNA.48 
Option c) may be ruled out by a similar argument: the only possible specific binding 
location is in the center of the DNA, yet the deep C blockade always appears at the end of 
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the event. If specifically bound protein were the source of blockage level C, we would 
expect to see a return to the bare DNA blockage level, A, following some if not all C-
type levels. 
Possibility d) is difficult to rule out entirely, yet it seems unlikely since all 
standard assays for the samples used here showed no evidence of contamination. Since 
nearly 10% of events show either AC or C blockage, if there were an additional protein 
or contaminant causing these blockages we would expect to see evidence of this on our 
EMS As. 
Options a) and b) both seem plausible. But because we observe level C at the end 
of translocation events, it seems that a) is the most likely explanation; non-specifically 
bound protein does not translocate through the nanopore but rather slides along at the 
pore mouth as the DNA passes through, and is removed when the tail of the DNA reaches 
the nanopore. If the non-specific complex were trans locating through the nanopore as 
proposed in b), we would once again expect that this might not always happen at the very 
end of the event. Furthermore, it is well established that non-specifically bound 
transcription factors can slide along DNA; in fact, this is what allows them to quickly 
locate their specific binding sites. 
Yet a) is also problematic in that it implies that a tiny protein, whose passage 
through the entire nanopore in its bound form causes only a small, briefblockage (B), is 
responsible for the deep and relatively long blockages of the C level. If the same 
untagged protein is causing both the blip (B) and the pull (C), why are their respective 
levels so different? 
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Revisiting our earlier studies of translocations for the free protein, we note that 
the untagged zif268 protein exhibited surprisingly deep blockages. If we superimpose the 
event diagram for free protein translocation of zif268 on top of an event diagram for 
translocations containing the C blocked current level, we note that both the blockage 
level and timing of the C level correspond well to the translocation of free protein. This 
implies that if zif268 is responsible for the C blockage level, its conformation creating 
this blockage must be more similar to its conformation during free translocation than to 
its specifically bound conformation in the major groove of DNA. 
In fact, recently published findings on the conformation of zif268 in its specific 
and non-specific bound forms on DNA suggest that we would indeed expect to see very 
different conformations - and therefore different blockage levels - for zif268 in each of 
these states. Zandarashvili and co-workers report that NMR data reveals highly dynamic 
motions of the zinc finger 1 (ZFl) domain ofzif268 away from the duplex DNA when 
the transcription factor is non-specifically bound to DNA. 147 In its bound state, it assumes 
the structure previously determined by Elrod-Erickson, Pavletich, and Pabo, 132' 143 where 
all three zinc fingers are bound tightly in the major groove of the DNA. From studies of 
the kinetics of zif268 's movement between nonspecific DNA duplexes, Zandarashvili et 
al. also infer that the constant motion of ZFl and its position lifted away from the DNA 
duplex facilitates intersegment transfer of the transcription factor between distant regions 
of DNA, speeding up the binding site search process. 147 
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Figure 60: Specific and non-specific binding conformations ofzif268 on DNA 
Reproduced from Zandarashvili et al., PNAS 2012. 
The dynamic motion of ZFI and the overall during non-specific binding as 
described by Zandarashvili et al. could account for the difference between the shallow, 
fast B level associated with translocation of the bound complex,· and the deep C level 
observed at the end of many translocation events. As with the study in non-thinned pores, 
here we can combine the portions of events associated with A, B, and C blockage levels 
into three separate JB histograms. Figure 61 shows these levels, along with the associated 
Gaussian fits: 
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Figure 61: Blockage levels for bare DNA, specific, and nonspecific zif268 binding 
These three very distinct levels are the product of the more sensitive thinned 
nanopore employed here. From these data we have strong indications that we observe 
both nanopore force spectroscopy (level C) and nanopore binding site mapping (level B) 
detection modes in a solid state nanopore for a single transcription factor bound to DNA. 
Finally, if our conclusions about these modes of translocation are correct, 
additional analysis should corroborate certain predictions that follow. For example, 
because translocation of a complex and removal of a bound protein from a stuck complex 
are two very different types of processes, one which should be ballistic (bound complex 
sliding through) and one which is almost certainly a halted state while the protein 
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stochastically dissociates, we should see clear correlation patterns for these two processes 
compared to the overall blockage time. 
In the case ofnanopore binding site mapping, ifDNA is moving through the 
nanopore in a fully or partly ballistic fashion, there should be a correlation between the 
translocation time of the bound complex and the translocation time of the whole 
molecule. The degree of correlation observed should relate to how similar the 
translocation dynamics of the DNA moving through the nanopore are to a purely ballistic 
process as opposed to a stick-slip process. Figure 62 indeed shows a moderate correlation 
between the translocation time for the bound complex and the translocation time for the 
entire analyte. 
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Figure 62: Correlation of bound complex tT to total event tT 
The correlation coefficient is moderate: rho = 0.4. 
We also expect that the process of removing a non-specifically bound protein, 
represented here by the deep C blockage level at the end of an event, should be decoupled 
from the movement of the DNA through the nanopore since it is a completely separate 
process. Therefore, we expect to see very little correlation between the time spent at the 
A level only and the time spent at the C level. Indeed, Figure 63 shows a weak 
correlation between time spent at the A and C levels in these events, indicating that they 
are mostly independent processes. 
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Figure 63 : Correlation of time to remove nonspecifically bound zif268 vs 
foNA 
The correlation coefficient is weak: rho = 0.33. 
Finally, if the B "blip" level that we see does correspond to translocation ofthe 
bound complex, and if that translocation is somewhat ballistic as noted above, then we 
should be able to roughly map the protein's location along the DNA by measuring the 
time spend in the bare DNA "A" level before and after the blip. The degree to which we 
can correlate time spent at the DNA level to position of the blip along DNA will 
ultimately determine the resolution of this method for mapping transcription factor 
binding sites along DNA. 
Figure 64 shows that these two times are, in fact, surprisingly well correlated. 
However, the line of best fit does not have a slope of 1 -in fact, the data in Figure 64 
indicates that the translocation time for bare DNA prior to the blip caused by the bound 
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translocation factor is actually shorter than the time spent at the bare DNA level after the 
blip. Nevertheless, a clear correlation exists between these timescales, which may be 
elucidated in the future to enable binding site mapping of transcription factors on DNA in 
nanopores. 
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Figure 64: Correlation of time at DNA blockage level before and after 
bound zif268 translocation 
The correlation coefficient is moderately strong: rho= 0.52. 
Here we have presented the first demonstration of electrically sensing single 
transcription factors bound to DNA using a nanopore platform. Our results indicate that 
small nanopores may remove larger bound transcription factors via nanopore force 
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spectroscopy, while nanopores large enough to permit translocation of the bound 
complex will display a combination of specific binding and nonspecific binding. 
Generally speaking, these results highlight the rich data available upon examining 
the fine structure of blocked current levels within a single translocation event. This 
unique technique provides access to entirely new types of single-molecule information 
about DNA binding to transcription factors, with promising avenues for further 
development. 
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Chapter 5: Summary and Outlook 
We have known for a long time that translocations of DNA in a nanopore do not 
look like translocations of a bound DNA +protein complex. But, the differences we 
originally observed were primarily evident on a population level, with only very basic 
fine structuring of sublevels within the events. Until we began working with thinned 
nanopores, we saw very few secondary blockade levels that matched our expectations for 
bound complexes passing through the nanopore. Although the population shifts we 
observe for non-thinned nanopores are consistent with the reports of other researchers 
working with small pores and different proteins, we had expected to get more information 
from the nanopore, and to be able to observe different interactions between the bound 
complex and the nanopore. It seems that we indeed were seeing primarily removal of 
proteins from the DNA, regardless of the DNA sequence. In larger pores, sometimes we 
would see nothing at all. 
Thinned nanopores are here to stay 
Although it is no accident that the return to engineering fundamentals (which 
eventually benefitted our very specific goal of observing bound transcription factors) also 
affected many other projects and general aspects ofnanopore sensing, at times it seemed 
like we had simply stumbled onto very generally useful ideas. Most nanopore sensing 
technologies will automatically improve with better geometrical and temporal resolution, 
but we encountered many unexpected benefits as well. For example, our intent with 
thinned nanopores was not to be able to see contrast on a white light camera, but as soon 
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as we noticed contrast we realized that we could define a region of interest for optical 
applications and be sure we were looking in the right spot for the nanopore. Similarly, the 
same visible contrast provided a perfect guide for the TEM operator trying to drill an 
evenly spaced array of pores, or for a researcher who wants to go back and image exactly 
how her nanopore has blocked or expanded. The reality is that we were making 
fundamental improvements to nanopores that happened to benefit our project, but which 
needed to be developed anyway for the nanopore community at large. 
The thinned nanopore fabrication is now our standard fabrication technique for 
nanopores for all projects within the group. As long as the pores continue to be 
mechanically stable for long experiments and under the harsh cleaning conditions to 
which we subject them, they are every bit as versatile as non-thinned solid state pores, 
with five times the success rate, better signal-to-noise, and a host of other advantages. 
It's a good thing, too, since as with most projects, it seems that along the way we 
came up with at least as many questions as we were able to answer. We are eager to 
branch out in new directions with projects inspired by some of the solutions we 
developed to address the issue of protein+ DNA sensing. To list a few: 
Create different functionalizations of the nanofiber mesh 
The hydrophobic mesh worked very well to slow DNA, but when we began we 
were also prepared to try positively and negatively charged functionalizations of the PGC 
polymer. We expect that both of these side chains would interact completely differently 
with DNA translocating through the nanopore, and might be well suited to applications 
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other than just slowing DNA translocation. Given the chemically versatile building 
blocks of the electrospun mesh we used in this work, it seems that a broad range of 
designer translocation properties should eventually be accessible for various solid-state 
nanopore applications through simple selection of an appropriate NFM. For example, 
meshes containing cationic fibers might interact more with DNA than anionic fibers 
resulting in slower translocation speeds, and, thus, might enhance nanopore-based 
sensing. Or, by adjusting the fiber density ofthe mesh, we could control the mesh cavity 
volume, and thereby sterically confine DNA coils to the volume immediately outside the 
nanopore, resulting in a higher probability of capture by the nanopore (threading 
probability). 
In the interest of avoiding undue complexity within our system, we have not yet 
attempted to observe protein+ DNA translocations using the nanofiber meshes. However, 
as we continue to develop this technology it would be very interesting to see if and how 
the translocation dynamics might change in the presence of protein. On one hand, 
nonspecific adsorption of protein to the hydrophobic mesh might be problematic, but on 
the other hand, the bound protein complex might exhibit greater interactions with the 
mesh, changing the translocation dynamics of the entire molecule. 
Furthermore, if they do not interact with the mesh too much, proteins might serve 
as an excellent marker to help elucidate precisely HOW the interactions of the nanofiber 
mesh with DNA slow translocations. At this time the ballistic vs. slip-stick nature of 
DNA translocation in nanopores is not very well characterized; the same blockage time 
might be the result of mostly sticking and then moving fast the rest of the way, or it might 
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be mostly moving slowly with very little sticking, or (most probably) somewhere in 
between. Addition of the mesh might change the balance between time spent in a stuck 
vs. moving state, but it is not clear in which direction this would change since there is 
currently no way for it to be measured. 
As the dynamics of DNA translocation in a nanopore are crucially important to 
many applications, in particular sequencing and genotyping applications that must 
resolve features as they scan the length of the DNA, it would be very useful to see the 
relative consistency in timing, say, of three evenly spaced proteins bound to translocating 
DNA. Singer et al. examined this idea in their PNA paper,5 and found that while there 
seemed to be consistency of timing between two secondary blockades, the timing for the 
leading and trailing ends of DNA did not correlate well to one another. Here, we 
observed moderate correlation for the leading and trailing ends of DNA, but not in a 1: 1 
ratio. Using different types of markers to elucidate the nature of DNA translocation in a 
nanopore would inform the design of many different nanopore applications. 
Map multiple transcription factors bound to DNA 
This is an exciting application because it is directly relevant to almost any 
genomic system. A long piece of DNA with multiple transcription factor binding sites 
can be examined- and distinguished from other sequences of its same length -by several 
different mapping-based approaches. For example, one could count secondary blockages 
to uniquely identify a sequence, or finding statistical distributions of "blip" positions 
within a translocation to determine binding locations, or even examining the distribution 
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of translocations with and without secondary blockages to evaluate the relative strength 
of target sites along the DNA. 
Our results from this work suggest that there is indeed some correlation between 
the time spent at DNA blockage levels before and after an event, but if this and blip 
counting could be fully developed for the nanopore platform, they would constitute a 
complete and unique investigative tool for characterization of DNA-binding proteins in 
their own right. 
Compare protein binding affinities using Nanopore Force Spectroscopy 
Perhaps the most logical direction to branch off in for characterization of DNA-
protein complexes is to take advantage of the versatility of solid-state nanopores to 
investigate binding conditions for transcription factors to DNA on the single molecule 
scale. Bulk techniques observe cooperative binding and competitive binding from 
looking at ensemble averages, but the nanopore might be able to offer much richer data 
about the specific types of events that lead to the average observations for bulk data 
It would be fair, in fact, to summarize the work described herein as an effort to 
bring out the full potential and richness of nanopore data, first by engineering the 
nanopore itself for improved resolution and sensitivity as a single molecule sensor, and 
then by examining the sensing modes available to and observed for a nanopore 
interacting with a DNA-protein complex. I look forward to working on some of the ideas 
that this project has inspired, and I hope that it will spark even more new ideas in others. 
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Appendix 1: General solid-state nanopore protocol 
Single Molecule Biophysics Lab, Boston University 
Reagents and Supplies 
In DI H20 , prepare stock (1 Lor 
more) volume of: 
1M 
0.01 M 
KCl 
Tris-Cl 
Electrode Preparation 
Cut two pieces of Teflon-coated Ag 
wire ( ~4 inches or required electrode length) 
and strip the Teflon from < lcm at both end 
of each piece. Solder one end of each wire 
into the hollow end of a gold connector pin. Cut plastic insulating tubing to fit each 
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electrode, leaving some Ag exposed at the end. Use two layers ofheat shrink (~lcm) to 
secure and reinforce the connector pin I insulating tubing junction, taking care not to 
cover the actual pin on the connector. 
Cis chamber electrode connector: Cut tip from 200 ul (or 20ul) pipette so that it 1) 
fits snugly into cis chamber electrode input, and 2) can be placed over the end of the Ag 
wire so that the Ag can slide through the end (should have~ lmm showing) BUT the 
Teflon coated section does not fit through. This may require several attempts, and/or 
adjusting the length of the exposed A g. 
Trans chamber electrode connector: Use specialized plastic barbed connector. 
Should fit snugly into trans chamber input. 
Secure the electrode connectors with heat shrink. Coat electrodes using~ 1M KCl 
solution and platinum wire, applying ~0.5V across electrode ( +) and platinum (-) while 
both Ag tip and platinum wire tip are immersed but not touching in the KCl solution. 
When electrode 
Piranha Cleaning 
Chip cleaning should be done in a chemical hood. Place chips in individual test 
tubes, all in a larger beaker. Using a Pasteur pipette and rubber bulb, add a drop of two of 
H2S04 to each tube. Then fill tubes slightly more than l;4 full with H20 2. Next, fill the 
tubes the rest of the way with H2S04, and gently mix with pipette. Piranha should bubble 
briskly. Place on hot place set to 270°C for 15-20 min to clean. 
161 
Remove chips from hot plate and use pipette to remove most of the excess piranha 
from each tube, leaving chips barely covered. Let chips cool in hood for ~5 min. 
Remove remaining piranha with pipette and rinse chips thoroughly (3x) in DI 
H 20 by filling tubes with DI H 20 and mixing with pipette before removal during each 
rinse. Fill tubes with DI H20 to cover chips prior to use. Keep the (now very clean) 
pipette. 
Cell Assembly 
Mix a pea-sized amount ofPDMS. 
Use clean plastic pipette tip to spread small 
ring on cell insert. Carefully remove a 
single chip from its tube by removing water 
with glass pipette and removing chip with 
tweezers. Dry the well side of chip with 
vacuum, leaving the well hydrated ifpossible (only the surface contacting the PDMS 
needs to be dry). Place chip well-side down on insert, gently tap with tweezers to center 
and secure, then quickly hydrate top and well with H20 or salt buffer. Place in humid 
environment (for example, cover with inverted glass petri dish sealed at bottom with 
water, or place in closed jar with small beaker of H20) and allow PDMS to set for 5-8 
mm. 
Once PDMS has hardened (check the leftovers to be sure), place insert chip-side-
down in nanopore cell, NOT pushed down all the way. Fill trans chamber with salt 
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buffer, and push insert down gently while wicking away excess buffer with a kimwipe or 
other paper towel. Insert trans electrode. 
Insert cis electrode and fill cis 
chamber with buffer ( ~ 1 OOul), ensuring 
that there are no bubbles formed on the 
surface of the chip or in the well. Any 
bubbles that do form can be removed with 
a pipette. 
Place cell in Faraday cage and connect electrodes, cis to the ground and trans to 
( +) I the headstage. Double check for buffer leakage, which could cause a short circuit. 
Apply 3OOm V to check if pore is open and clean. If so, take IV curve and RMS noise 
curve (filter at 100kHz) and save (4 nm pore should have a conductance of ~IOnS). 
Samples and Data Collection 
Sample DNA is usually heated 
briefly to 50 or 60°C to help remove any 
aggregates before adding to pore. Add 
DNA to pore to a final concentration of 
~0 .5nM (bear in mind that anything from 
50pM up should be fine, and more than a 
few nM at once will often clog the pore). 
Data is taken using the Labview program TM5 Shell. This should acquire at 250 
kHz (max). The signal may be filtered either immediately following amplification 
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(analog) or digitally within the program. Collect as many events as possible. Events 
should be transient current blockades,~ 1nA in magnitude for 4nm pores. Translocation 
times should range from just a few microseconds all the way up to milliseconds, with 
most falling in the range of 1 o-5 -1 o-3 seconds. 
A clogged pore may sometimes be unblocked by disconnecting the electrodes 
from the amplifier and applying 3-8 V (reversed polarity) directly to the electrodes in 
several short zaps. 
After an experiment, rinse the chip, insert, and cell thoroughly with DI H20, 
Remove all PDMS, and place chip into a clean test tube for piranha. Cells and inserts 
may be cleaned from time to time in either piranha or> 10% HF, with thorough rinsing. 
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Appendix 2: Fabrication protocol for Locally Thinned Nanopore Arrays 
Materials 
< 1 00> Silicon wafers, > 10 Q-cm, Boron-doped 
45% w/v KOH bath with temperature control 
Buffered Oxide Etch 
Photoresist (Shipley S1818 or equivalent) 
Photolithography masks (Towne, iron oxide 5" square) 
Thin Film Deposition 
1) Standard RCA clean for all wafers 
2) Thermal Si02 deposition (MRL Furnace)- 1 j.!m. 1100° C, 134 minutes. 
Include dummy wafers to buffer front and back ends. Check thickness with 
ellipsometer. 
3) Pre-bake wafers 5 min at 115° C. Spin coat single side with S1818 (1 min, 
3000 RPM), hard bake 5 min at 115° C. 
4) BOE etch away all exposed Si02 (~15 min), then remove resist (acetone 
wash) 
5) RCA clean without oxide removal (HF) step 
6) LPCVD deposition oflow-stress amorphous SiNx (Tystar). Flow rates 80:20 
seem dich1orosilane:NH3. 5.5 nm/min to desired starting membrane thickness. 
Check thickness with ellipsometer. 
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Photolithography Mask Design 
Two masks with mirror image alignment marks (Land R) are required for 
patterning: 
1) Arrays of circles for locally thinned membrane. 1 J..Lm circles, 5 J..Lm pitch, 1 x 1, 
3x3, and 5x5 arrays (or more). Center-to-center array spacing 5.125 mm, 
19x19 array locations. 
2) Chip backside windows (500+ JliD square) and dice lines (0.125 mm wide, 
grid spacing 5.125 mm). To calculate window size: 
l 2twarer + l 
window= tan(54.?49o) memb (13) 
where !window is the required window side length, lmemb is the desired 
freestanding membrane side length, and fwafer is the wafer thickness. 
3) The alignment marks used here were 40x400 J..Lm crossed concentric 
rectangles with sets of vertical and horizontal lines filling up the spaces 
between the legs. This allowed precise alignment even for the faint outline of 
a shallow etch in the nitride film. 
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Thinned Array Patterning and Etching 
1) Pre-bake wafers 5 min at 115° C. Spin coat the side without Si02 using S 1818 
(1 min, 3000 RPM), soft bake 1.5 min at 115° C. 
2) Expose circle arrays, hard contact or vacuum contact. Dose ~150 mJ I cm2• 
Here, 15 sec at 10 mW I cm2. Wavelength 350 nm, Karl Suss MA6. 
3) Develop 1 min, MF-319. Hard bake 5 min at 115° C. 
4) Etch 2x 90 seconds in RIE (Oerlikon) 50 seem, 100 mTorr, 30 W. 
5) Rinse and remove resist with acetone wash. 
6) Check etch depth with AFM. 
Freestanding Membrane Fabrication 
1) Pre-bake wafers 5 min at 115° C. Spin coat the side without Si02 using S1818 
(1 min, 3000 RPM), hard bake 5 min at 115° C. 
2) Spin coat the side with Si02 using S1818 (1 min, 3000 RPM), soft bake 1.5 
min at 115° C. 
3) Expose windows and dice lines on side with Si02, using backside alignment 
with the etched arrays. Hard contact or vacuum contact. Dose ~ 150 mJ I cm2 . 
Here, 15 sec at 10 mW I cm2. Wavelength 350 nm, Karl Suss MA6. 
4) Develop 1 min, MF-319. Hard bake 5 min at 115° C. 
5) Etch 3 min in RIE (Oerlikon) 50 seem, 100 mTorr, 150 W. 
6) Rinse and remove resist with acetone wash. 
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7) KOH etch ( 45%, backside protected) at 40° C for 48 hours or until through 
etched, leaving a freestanding membrane centered on arrays. 
8) Rinse chips thoroughly and break along dice lines. 
9) Piranha clean, drill nanopores using TEM. 
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Appendix 3: DNA Sequences for Gel Shift and Nanopore 
Gel_Shift_Pos and Gel_Shift_Neg Samples 
Gel Shift Pos: 
- -
5' CAGGCGTGGGCGCTGCAGGCGTGGGCGCC 3' (29bp) 
Paired with ( opp strand) 
5' TCGAGGCGCCCACGCCTGCAGCGCCCACGCCTGGTAC 3' (35 bp) 
Gel_Shift_Neg (no binding site): 
5' CAGTATGCAAATGACTGCAGTATGCAAATGACC 3' (33bp) 
Paired with 5' TCGAGGTCATTTGCATACTGCAGTCATTTGCATACTGGTAC 3' 
(38 bp) 
Fluorescently Labeled dsDNA Oligo 
For Binding Tests in Salt (1 central binding site) 
Strand 1: 
5' /6C Amine I AGTCTGTTACGCTG . .. 
GCCTCTGCGTGGGCGAATTCGCATGCGCAACCCCAC3' 
Strand 2: 
Complement of strand #1. 
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Notes: 
1) Atto647 (amine-reactive) is conjugated to 5' end 
2) EtOH precip to remove excess dye 
1 OOObp (+) DNA Sample for Nanopore 
960 bp PCR from the plasmid M13K07, contains a centered binding site GCGTGGGCG. 
Sample is bolded in contextual sequence, primers are shown in purple. 
Ml3K07 
aacgctactactattagtagaattgatgccaccttttcagctcgcgccccaaatgaaaatatagctaaacaggttattgaccatttgc 
gaaatgtatctaatggtcaaactaaatctactcgttcgcagaattgggaatcaactgttacatggaatgaaacttccagacaccgta 
ctttagttgcatatttaaaacatgttgagctacagcaccagattcagcaattaagctctaagccatccgcaaaaatgacctcttatca 
aaaggagcaattaaaggtactctctaatcctgacctgttggagtttgcttccggtctggttcgctttgaagctcgaattaaaacgcga 
tatttgaagtctttcgggcttcctcttaatctttttgatgcaatccgctttgcttctgactataatagtcagggtaaagacctgatttttgat 
ttatggtcattctcgttttctgaactgtttaaagcatttgagggggattcaatgaatatttatgacgattccgcagtattggacgctatcc 
agtctaaacattttactattaccccctctggcaaaacttcttttgcaaaagcctctcgctattttggtttttatcgtcgtctggtaaacgag 
ggttatgatagtgttgctcttactatgcctcgtaattccttttggcgttatgtatctgcattagttgaatgtggtattcctaaatctcaactg 
atgaatctttctacctgtaataatgttgttccgttagttcgttttattaacgtagatttttcttcccaacgtcctgactggtataatgagcca 
gttcttaaaatcgcataaggtaattcacaatgattaaagttgaaattaaaccatctcaagcccaatttactactcgttctggtgtttctcg 
tcagggcaagccttattcactgaatgagcagctttgttacgttgatttgggtaatgaatatccggttcttgtcaagattactc 
ttgatgaaggtcagccagcctatgcgcctggtctgtacaccgttcatctgtcctctttcaaagttggtcagttcggttccctt 
atgattgaccgtctgcgcctcgttccggctaagtaacatggagcaggtcgcggatttcgacacaatttatcaggcgatgat 
acaaatctccgttgtactttgtttcgcgcttggtataatcgctgggggtcaaagatgagtgttttagtgtattctttcgcctctt 
tcgttttaggttggtgccttcgtagtggcattacgtattttacccgtttaatggaaacttcctcatgaaaaagtctttagtcct 
caaagcctctgtagccgttgctaccctcgttccgatgctgtctttcgctgctgagggtgacgatcccgcaaaagcggccttt 
aactccctgcaagcctcagcgaccgaatatatcggttatgcgtgggcgatggttgttgtcattgtcggcgcaactatcggt 
atcaagctgtttaagaaattcacctcgaaagcaagctgataaaccgatacaattaaaggctccttttggagccttttttttt 
ggagattttcaacgtgaaaaaattattattcgcaattcctttagttgttcctttctattctcactccgctgaaactgttgaaag 
ttgtttagcaaaaccccatacagaaaattcatttactaacgtctggaaagacgacaaaactttagatcgttacgctaacta 
tgagggttgtctgtggaatgctacaggcgttgtagtttgtactggtgacgaaactcagtgttacggtacatgggttcctatt 
gggcttgctatccctgaaaatgagggtggtggctctgagggtggcggttctgagggtggcggttctgagggtggcggtac 
taaacctcctgagtacggtgatacacctattccgggctatacttatatcaaccctctcgacggcacttatccgcctggtactgagc 
aaaaccccgctaatcctaatccttctcttgaggagtctcagcctcttaatactttcatgtttcagaataataggttccgaaataggcag 
ggggcattaactgtttatacgggcactgttactcaaggcactgaccccgttaaaacttattaccagtacactcctgtatcatcaaaag 
ccatgtatgacgcttactggaacggtaaattcagagactgcgctttccattctggctttaatgaggatccattcgtttgtgaatatcaa 
ggccaatcgtctgacctgcctcaacctcctgtcaatgctggcggcggctctggtggtggttctggtggcggctctgagggtggtg 
gctctgagggtggcggttctgagggtggcggctctgagggaggcggttccggtggtggctctggttccggtgattttgattatga 
aaagatggcaaacgctaataagggggctatgaccgaaaatgccgatgaaaacgcgctacagtctgacgctaaaggcaaacttg 
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attctgtcgctactgattacggtgctgctatcgatggtttcattggtgacgtttccggccttgctaatggtaatggtgctactggtgattt 
tgctggctctaattcccaaatggctcaagtcggtgacggtgataattcacctttaatgaataatttccgtcaatatttaccttccctccc 
tcaatcggttgaatgtcgcccttttgtctttagcgctggtaaaccatatgaattttctattgattgtgacaaaataaacttattccgtggt 
gtctttgcgtttcttttatatgttgccacctttatgtatgtattttctacgtttgctaacatactgcgtaataaggagtcttaatcatgccagt 
tcttttgggtattccgttattattgcgtttcctcggtttccttctggtaactttgttcggctatctgcttacttttcttaaaaagggcttcggta 
agatagctattgctatttcattgtttcttgctcttattattgggcttaactcaattcttgtgggttatctctctgatattagcgctcaattacc 
ctctgactttgttcagggtgttcagttaattctcccgtctaatgcgcttccctgtttttatgttattctctctgtaaaggctgctattttcattt 
ttgacgttaaacaaaaaatcgtttcttatttggattgggataaataatatggctgtttattttgtaactggcaaattaggctctggaaaga 
cgctcgttagcgttggtaagattcaggataaaattgtagctgggtgcaaaatagcaactaatcttgatttaaggcttcaaaacctccc 
gcaagtcgggaggttcgctaaaacgcctcgcgttcttagaataccggataagccttctatatctgatttgcttgctattgggcgcgg 
taatgattcctacgatgaaaataaaaacggcttgcttgttctcgatgagtgcggtacttggtttaatacccgttcttggaatgataagg 
aaagacagccgattattgattggtttctacatgctcgtaaattaggatgggatattatttttcttgttcaggacttatctattgttgataaa 
caggcgcgttctgcattagctgaacatgttgtttattgtcgtcgtctggacagaattactttaccttttgtcggtactttatattctcttatt 
actggctcgaaaatgcctctgcctaaattacatgttggcgttgttaaatatggcgattctcaattaagccctactgttgagcgttggct 
ttatactggtaagaatttgtataacgcatatgatactaaacaggctttttctagtaattatgattccggtgtttattcttatttaacgccttat 
ttatcacacggtcggtatttcaaaccattaaatttaggtcagaagatgaaattaactaaaatatatttgaaaaagttttctcgcgttcttt 
gtcttgcgattggatttgcatcagcatttacatatagttatataacccaacctaagccggaggttaaaaaggtagtctctcagacctat 
gattttgataaattcactattgactcttctcagcgtcttaatctaagctatcgctatgttttcaaggattctaagggaaaattaattaatag 
cgacgatttacagaagcaaggttattcactcacatatattgatttatgtactgtttccattaaaaaaggtaattcaaatgaaattgttaaa 
tgtaattaattttgttttcttgatgtttgtttcatcatcttcttttgctcaggtaattgaaatgaataattcgcctctgcgcgattttgtaacttg 
gtattcaaagcaatcaggcgaatccgttattgtttctcccgatgtaaaaggtactgttactgtatattcatctgacgttaaacctgaaa 
atctacgcaatttctttatttctgttttacgtgctaataattttgatatggttggttcaattccttccataattcagaagtataatccaaacaa 
tcaggattatattgatgaattgccatcatctgataatcaggaatatgatgataattccgctccttctggtggtttctttgttccgcaaaat 
gataatgttactcaaacttttaaaattaataacgttcgggcaaaggatttaatacgagttgtcgaattgtttgtaaagtctaatacttcta 
aatcctcaaatgtattatctattgacggctctaatctattagttgttagtgcacctaaagatattttagataaccttcctcaattcctttcta 
ctgttgatttgccaactgaccagatattgattgagggtttgatatttgaggttcagcaaggtgatgctttagatttttcatttgctgctgg 
ctctcagcgtggcactgttgcaggcggtgttaatactgaccgcctcacctctgttttatcttctgctggtggttcgttcggtatttttaat 
ggcgatgttttagggctatcagttcgcgcattaaagactaatagccattcaaaaatattgtctgtgccacgtattcttacgctttcagg 
tcagaagggttctatctctgttggccagaatgtcccttttattactggtcgtgtgactggtgaatctgccaatgtaaataatccatttca 
gacgattgagcgtcaaaatgtaggtatttccatgagcgtttttcctgttgcaatggctggcggtaatattgttctggatattaccagca 
aggccgatagtttgagttcttctactcaggcaagtgatgttattactaatcaaagaagtattgctacaacggttaatttgcgtgatgga 
cagactcttttactcggtggcctcactgattataaaaacacttctcaagattctggcgtaccgttcctgtctaaaatccctttaatcggc 
ctcctgtttagctcccgctctgattccaacgaggaaagcacgttatacgtgctcgtcaaagcaaccatagtacgcgccctgtagcg 
gcgcattaagcgcggcgggtgtggtggttacgcgcagcgtgaccgctacacttgccagcgccctagcgcccgctcctttcgctt 
tcttcccttcctttctcgccacgttcgccggctttccccgtcaagctctaaatcgggggctccctttagggttccgatttagtgctttac 
ggcacctcgaccccaaaaaacttgatttgggtgatggttcacgtagtgggccatcgccctgatagacggtttttcgccctttgacgt 
tggagtccacgttctttaatagtggactcttgttccaaactggaacaacactcaaccctatctcgggacggatcgcttcatgtggca 
ggagaaaaaaggctgcaccggtgcgtcagcagaatatgtgatacaggatatattccgcttcctcgctcactgactcgctacgctc 
ggtcgttcgactgcggcgagcggaaatggcttacgaacggggcggagatttcctggaagatgccaggaagatacttaacagg 
gaagtgagagggccgcggcaaagccgtttttccataggctccgcccccctgacaagcatcacgaaatctgacgctcaaatcagt 
ggtggcgaaacccgacaggactataaagataccaggcgtttccccctggcggctccctcgtgcgctctcctgttcctgcctttcg 
gtttaccggtgtcattccgctgttatggccgcgtttgtctcattccacgcctgacactcagttccgggtaggcagttcgctccaagct 
ggactgtatgcacgaaccccccgttcagtccgaccgctgcgccttatccggtaactatcgtcttgagtccaacccggaaagacat 
gcaaaagcaccactggcagcagccactggtaattgatttagaggagttagtcttgaagtcatgcgccggttaaggctaaactgaa 
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aggacaagttttggtgactgcgctcctccaagccagttacctcggttcaaagagttggtagctcagagaaccttcgaaaaaccgc 
cctgcaaggcggttttttcgttttcagagcaagagattacgcgcagaccaaaacgatctcaagaagatcatcttattaaggggtctg 
acgctcagtggaacgaaaactcacgttaagggattttggtcatgagattatcaaaaaggatcttcacctagatccttttaaattaaaa 
atgaagttttaaatcaatctaaagtatatatgagtaaacttggtctgacagttaccaatgcttaatcagtgaggcacctatctcagcga 
tctgtctatttcgttcatccatagttgcctgactccccgtcgtgtagataactacgatacgggagggcttaccatctggccccagtgc 
tgcaatgataccgcgagacccacgctcaccggctccagatttatcagcaataaaccagccagccgattcgagctcgccccggg 
gatcgaccagttggtgattttgaacttttgctttgccacggaacggtctgcgttgtcgggaagatgcgtgatctgatccttcaactca 
gcaaaagttcgatttattcaacaaagccgccgtcccgtcaagtcagcgtaatgctctgccagtgttacaaccaattaaccaattctg 
attagaaaaactcatcgagcatcaaatgaaactgcaatttattcatatcaggattatcaataccatatttttgaaaaagccgtttctgta 
atgaaggagaaaactcaccgaggcagttccataggatggcaagatcctggtatcggtctgcgattccgactcgtccaacatcaat 
acaacctattaatttcccctcgtcaaaaataaggttatcaagtgagaaatcaccatgagtgacgactgaatccggtgagaatggca 
aaagcttatgcatttctttccagacttgttcaacaggccagccattacgctcgtcatcaaaatcactcgcatcaaccaaaccgttattc 
attcgtgattgcgcctgagcgagacgaaatacgcgatcgctgttaaaaggacaattacaaacaggaatcgaatgcaaccggcg 
caggaacactgccagcgcatcaacaatattttcacctgaatcaggatattcttctaatacctggaatgctgttttcccggggatcgc 
agtggtgagtaaccatgcatcatcaggagtacggataaaatgcttgatggtcggaagaggcataaattccgtcagccagtttagt 
ctgaccatctcatctgtaacatcattggcaacgctacctttgccatgtttcagaaacaactctggcgcatcgggcttcccatacaatc 
gatagattgtcgcacctgattgcccgacattatcgcgagcccatttatacccatataaatcagcatccatgttggaatttaatcgcgg 
cctcgagcaagacgtttcccgttgaatatggctcataacaccccttgtattactgtttatgtaagcagacagttttattgttcatgatga 
tatatttttatcttgtgcaatgtaacatcagagattttgagacacaacgtggctttccccccccccccctgcaggtctcgggctattctt 
ttgatttataagggattttgccgatttcggcctattggttaaaaaatgagctgatttaacaaaaatttaacgcgaattttaacaaaatatt 
aacgtttacaatttaaatatttgcttatacaatcttcctgtttttggggcttttctgattatcaaccggggtacatatgattgacatgctagt 
tttacgattaccgttcatcgattctcttgtttgctccagactctcaggcaatgacctgatagcctttgtagacctctcaaaaatagctac 
cctctccggcatgaatttatcagctagaacggttgaatatcatattgatggtgatttgactgtctccggcctttctcacccttttgaatct 
ttacctacacattactcaggcattgcatttaaaatatatgagggttctaaaaatttttatccttgcgttgaaataaaggcttctcccgcaa 
aagtattacagggtcataatgtttttggtacaaccgatttagctttatgctctgaggctttattgcttaattttgctaattctttgccttgcct 
gtatgatttattggatgtt/ /END 
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